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FOREWORD 


A  low  waignt-onipty  to  oporationol  grois^ight  ratio  (IV,)  i«  an  important  factor  con¬ 
tributing  to  a  tuocanful  datlgn  of  any  air  traniport  vaniela.  But  thit  ratio  it  atnaeially  tignificant 
for  aircraft  oparating  in  tha  VTO  moda.  In  cata,  ona  can  nut  nicreaia  tba  aircraft  takaoff 
weight  by  axtanding  tha  ground  run,  u  tha  eata  may  ba  in  CTO,  or  avan  STO,  machinat.  Conia- 
quantly,  valuat  (baiad  on  tha  maximum  parmiiaibla  groH  watght  for  vertical  takaoff  oparationi 
it  tha  most  important  factor  dictatiitg  tha  lava!  of  utaful  load  and  at  wall  at  tha  payload  that 
can  ba  carried.  No  wonder  that  a  continuout  tearch  for  tha  lowatt  pottiWa  W,  valuat  it  a  char- 
acttrittic  trademark  throughout  Via  history  of  retary-wing  aircraf  L 

In  order  to  undarttand  tha  course  of  this  andaavor,  ona  mutt  raalita  that  victory  or  defeat 
for  a  low  ralativa  weight  empty  dapandt  on  tha  outcoma  of  tha  quest  for  tha  lowest  ponible 
relatiyo  weights  of  all  maior  rotorcraft  componants.  Going  ona  step  further  in  analysing  tha 
taarch  for  a  low  iv,,  ona  should  anticipata  that  ttrangth  and  ligidity  vt.  weight  characterittict 
of  structural  matariali  rapratantt  ona  of  tha  most  important  factors  dictating  tha  lava!  of  ralativa 
waights  of  maior  rotorcraft  comportants 

Tha  intent  of  this  study  it  to  acquaint  Via  readar  with  soma  historic  partpoctivo  of  tha 
continuout  fight  for  low  ralativa  waight-ampty  of  tha  rotorcraft  at  a  whoia,  at  wail  at  for  their 
maior  componants.  It  it  alto  intandad  to  show  how  the  site  of  aircraft  -  as  expratasd  through 
its  maximum  parmittibia  flying  grots  weight  —  could  affact  tha  relative  weight  levels  of  tha  com¬ 
ponents  and  tha  rotoraaft  at  a  whoia. 

fn  an  attampt  to  convoy  an  indapth  parspac-iva  of  historic  and  tiia-ralated  vends,  current 
(wharavar  potsiWal  at  wall  at  hypothatical  Soviet  halicoptart  are  included  in  this  study. 

To  assist  tha  raadar  in  understanding  the  influence  of  tOuctural  material  characterittict  on 
tha  ralativa  weight  levels  of  major  rotorcraft  componants,  the  weight  affectivanatt  of  materialt, 
both  for  static  and  fatigue-type  loadings  are  raviewad.  Than,  cursory  axpretsiont  are  davalopad, 
permitting  ona  to  roughly  estimate  how  tha  svangth  affactivenatt  vakias  of  structural  materialt 
eouM,  In  turn,  affact  tha  ralativa  woightt  of  tha  componants.  In  soma  cases,  it  is  also  indicatad  that 
baeauta  of  special  constraints,  possibia  weight  raductiorw  can  not  ba  raaliiad  in  actual  designs. 
Consaquancas  of  raquiraments  for  high  moments  of  inertia  in  tha  caaa  of  lifting-rotor  Madas  (entry 
into  autoroution  and  coning  angles)  arc  raviewad  as  an  example  of  such  consvamts. 

In  eonekition.  structural  materialt  that  appear  to  exert  the  highest  anpact  on  reduction  of 
rotarcraft  component  weights  arc  briefly  raviawad.  In  this  ratpact.  waifht-affaciiveneaa  indicas  of 
matsriait  in  various  loading  modes  are  given.  Oparationsi  and  acongnuc  consvamts  which  may 
limit  tha  practical  use  of  soma  materials  In  spits  of  their  promising  tvangdi/waight  characteristics 
are  briefly  dltcusaad. 

Tha  concluding  remarks  at  tha  and  of  this  raport  alto  contain  racommandationt  for  studies 
along  Vw  Mnat  indicatad  hare. 

This  study  waa  initiated  by  R.  Shinn,  formerly  of  AVRAOCOM,  St.  Louis  (presenVy,  at 
McOonnalll  who,  at  that  time,  vitualitad  tha  projact  as  a  joint  venture  between  AVRAOCOM  and 
International  Tachnicsl  Associates,  Ltd.,  with  Mr.  Shinn  being  assigned  at  technical  monitor  of  tha 
projsct  However,  following  hit  departure  from  St.  Louis,  all  tachnical  work  became  tha  sola 
responsibility  of  ITA.  Tachnical  cognbanca  was  eventually  vwttfarrad  to  tha  U.S.  Army  Aviation 
Rataarch  and  Tachnologv  Activity  at  Ames  Research  Canter,  with  C.C.  Ingslli  serving  as  technical 
monitor. 


Within  ITA.  thf  undanignad  larvad  ai  prirwipal  invanigator  and  wai  atmtad  in  tha  trand 
ttudiai  by  A.  Schmidt  (formarly  of  Boaing  Vartoll,  whila  Wanda  L  Matt  waa  ratponttbla  for 
cgmpuiar  inputt,  at  iwall  at  tor  tna  aditing  and  compotition  ot  tna  laxt 

In  tha  courta  of  tha  projact,  much  vatuabla  tachnica!  nuicrial  wat  obtainad  from  AR&TA 
and  tha  following  companiat:  Aarotpatiaia,  tteaing  Vertoi.  and  bB,  whiia  tha  tollowing  rapra- 
tantatiiita  of  goaarnmant  aganeiai  and  companiat  raprotanting  tha  aircraft  mduatry  wara  kind 
anough  to  contribute  thair  partonal  tuggattiont  and/or  raviaw  of  partt  of  tha  taxt:  Or.  R.  Carlton 
and  Mr.  C.  Ingallt  (ARATAI.  Mam.  d'Ambra  (Aarowatiala).  C  Albracht  aitd  R.  Meintyra  (Boaing 
Vartol),  H.  Hubar  (MBB),  and  R.  Shinn  (McOonnall).  To  all  of  thaia  organizationc  and  individuali. 
wo  with  to  expreia  our  tinearo  thankt. 


W.  Z.  Stapniawiki 


Oroxol  Hill.  Pa.  USA 
April  28, 1987 
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CHAPTER  1 


TRENDS  IN  RELATIVE  WEIGHT-EMPTY  OF  ROTORCRAFT  AND  MAJOR 
STRUCTURAL  COMPONENTS 


1.1  Introduction 

_  Keeping  the  ooight'Ompty  to  groie-iweight  retio  (referred  to  et  retetive  weight<emptv 
W^),  ei  loiw  ee  poctible  ii  one  of  the  most  importent  fectore  in  creeling  en  operetimeily  effi* 
dent  vehicle  ai  fer  et  loed-cerrying  ectivitiei  or  time  on  tution  it  concerned.  T«vo  other  very 
tignifieent  inputt  towerd  the  goel  of  trentportetion  efficiency  ere  (1)  the  broedly  interpreted 
Mock  tpeed  (including  tuch  eipacti  ee  turn.around.time  and  time  raquirad  for  lervica).  and  (2) 
hiel  conaufflption  par  unit  of  grott  vwightandunit  of  dittence  travdad. 

In  the  caaa  of  timo.on.ttation,  fud  contumpdon  per  unit  of  grott  (weight  and  unit  of 
time  in  operation  twill  be  tubetitutad  for  Itemt  (1)  and  (2). 

It  It  obviout,  hanca.  that  ktNxwladgt  of  ttatittied  trandt  in  lavdt,  at  twali  at  an  under. 
Mending  of  dl  the  factort  inhuandng  theta  trandt,  (would  be  of  prime  intirett  to  both  lyttam 
plannart  and  datignart  of  rotary^wing  dreraft  in  die  WeM,  and  to  itudants  of  Soviet  rotorcraft 

oBCVIflQlO^f  SB  IrfBII* 

With  ramect  to  ttatMied  trandt.  the  two  mon  Interetting  would  be  (a)  the  tampord 
trend,  repretenting  the  variation  of  vt.  the  year  that  the  rotorcraft  wat  pieced  in  tarvice. 
and  (bl  the  influence  of  dreraft  tin  (eaprettad  through  itt  maKimum  flying  grott  weidit 

on  the  ralativa  (weight'emoty  levd. 

In  determining  the  factort  influencing  W,  vduet.  one  may  anticipate  that  ttrength. 
waid>t  charactarittict  of  ttructurd  materidt  would  play  an  imporunt  role.  It  should  be  re. 
membered,  however,  that  the  other  two  previoudy  mentionod  factort;  namdy.  Mock  spaed 
and  fud  coneumptien  would  dto  inftuenea  the  magnitude. 

For  Inetance,  speed  requirementt  may  be  inttrumental  in  the  powernnKalled  vdue 
and  hence,  tN  angine-iweight  levd.  whda  fud  consumption  would  influence  the  (weight  of  the 
fud  tywam.  However.  in  spite  of  the  fact  that  powerplant  aspeett  represent  a  significant  factor 
contributing  to  the  levd,  this  report  it  eecludvdy  devoted  to  the  study  of  the  influence  of 
non  powerpient  rotorcraft  ttructurot,  tinea  incorporation  of  the  po(werplant  (would  approx* 
imataly  douWa  the  required  effort. 

It  It  obviout  that  the  levd  will,  in  turn,  be  influenced  by  the  rd^ative  (weights  of  itt 
moior  eomponantt.  Contaquently,  in  order  to  obtdn  a  better  insight  into  the  formulation  of 
die  moM  Important  relative  waight  ampty  trends;  namely,  W,  *  fWmt)  and  W,  > 
similar  itatietied  transit  (wHI  be  attaMished  fer  Wettem  and  Soviet  rotorcraft  for  the  following 
major  componatttt  at  defined  in  Ref.  I. 

1.  Mdn  rotor  Madet 

2.  Main  rsitsw  hub  and  hinges 

3.  Fuselage  (with  csnviingt) 

4.  Landing  gear 

5.  Drive  tystam 

6.  Fuel  system 

7.  Flight«entrol  group 


In  thit  wav,  groundwork  wilt  bo  laid  for  avaluation  at  to  tha  extent  that  potential 
imprevemanta  in  component  relathre  woighu  reiultir)g  from  tha  application  of  advancad 
structural  matariali  may  eontributa  to  a  raduction  of  the  ralativa  weight-empty  of  a  rotorcraft 
as  a  whoia. 

Trands  in  the  tail-rotor  group  and  propulsion  nibsyrtamt,  which  are  usually  also  dassi* 
tied  at  major  rotorcraft  compo,iantt' ,  ara  not  axaminad  hero,  at  their  contribution  to 
valuet  may  bo  considered  at  tacond-ordar  affaett.  A  detailed  study  of  the  fixed-equipment 
group,  although  quita  important  from  tha  M',  point  of  view,  it  alto  not  performed  here,  at 
the  roquiramentt  for  this  group  ara.  to  a  large  degree,  detarminad  by  the  customer. 

A  formal  definition  of  relative  weight-empty  may  be  based  either  on  design  (M'eer^ 
maximum  parmistibia  flight  grots  weights. 

In  tha  first  ease, 

^•de.  - 

and  in  the  taeond, 

where  is  the  weight  empty. 

Sdaction  of  the  maximum  flying  gross  weight  at  a  reference  bMit  (Eq.  (1a)l  should 
be  coTHidatod  at  more  meaningful  for  the  ettaMithment  of  comparative  weight  trends.  Thit 
it  due  to  the  fact  that  design  grots  weight  it  often  establithed  somewhat  arbitrarily,  vshila  the 
maxifflum  parmistibia  flying  grots  weight  It  usualiv  more  definitive  in  determining  the  actual 
rotorcraft  operational  loadcarrying  capability* . 

Conaaquantly,  in  this  study,  vends  in  the  ralativa  rotorcraft  weii^t-empty  and  rala- 
tlva  weights  of  their  major  components  will  be  carried  out.  using  at  the  basis  lor  com¬ 
parison. 


-2- 


U  Trends  in  Welght-timpt/  to  UroM-Weight  Ritiot 

1.2.1  Ganeral 

The  Sikonky  R*4,  introduetd  into  tervieo  in  1043/44,  wm  the  first  production  heli- 
eopnr  in  ttw  world.  Tbit  rotorersft,  at  a  maxUnwm  flying  groia  weight  of  2,S40  lb,  had  a  weight 
empty  of  2,01 1  lb;  thus,  its  waighfampty  to  grott^ight  ratio  amounted  to  W,  ■  0.70. 

With  reipaet  to  Soaiat  halicoptars,  tha  Mil  Mi>1,  which  entarad  into  tarvica  in  10S1  — 
satran  years  after  the  R-4  -  wu  their  first  (woduetion  model.  It$  waii^it-ampty  to  maximum 
groiB^igbt  ratio  was  alto  equal  to  0.79. 

Through  the  years,  valuat  of  tha  waight-ampty  to  maximum  groat^ight  ratios  da* 
toandad  from  M',  •  0.70  (high  for  any  aircraft),  attaining  a  level  in  tha  West  of  H',  =  0.41 
(MeOonnall-Oougiat  600E).  and  O.S  in  tha  USSR  (Mil  Mi-2«). 

Table  1.1  was  prepared  in  order  to  show  in  more  detail  tha  variation  of  tha  weight* 
empty  to  maximum  flying  gross-weight  ratio  oeeurring  throughout  the  years,  as  wail  as  tha 
influence  of  rotorcraft  tiia  (axprassad  through  maximum  flying  grou  weight)  on  relative 
weight  empty.  Hera,  ail  tha  nacassary  information  regarding  maximum  flying  gross  weight,  weight 
empty,  and  yaar  of  introduction  into  tarvica  was  atiambiad  for  a  number  of  Wattam  and  Soviet 
rotorcraft  covering  the  time  span  from  1950  to  the  prasant;  even  showing  soma  projections 
up  to  1998.  Tha  main  source  of  data  for  halicoptart  was  Janas  Yearbooks  from  1050/51 
through  1085/86*.  Information  regarding  Western  hypothetical  tilt  rotors  was  obtained  from 
Ref.  3,  while  inputs  related  to  Soviet  halicoptart  were  gathered  from  Ref.  4,  supplemented 
by  datt  from  Ref.  2. 

1.2.2  Temporal  Variations  of  M',  Ratios 

Temporal  variations  of  the  waight'empiy  to  tha  maximum  flying  weight  weight  ratios 
listed  in  Table  1.1  are  graphicallv  presented  in  Fig.  1.1.  This  figure  illustrates  how  the  high 
ratios  of  IF^  o  0.79  for  the  R-4  and  Mi-1  have  evolved  through  the  years  to  the  optimal  level  of 
0.4  for  Western  and  O.S  for  Soviet  halicoptart. 

Looking  at  Fig.  1.1,  one  would  note  Ota  following: 

1.  Tha  1950-1960  time  span  rapresenv  a  period  of  rapid  improvemants  in  tha  W, 
ratios  of  both  Western  ai«d  Soviet  helico(itert  of  aU  contigurationt.  This,  of 
course,  was  chiefly  dua  to  tha  replaesmant  of  reciprocating  angirtas  by  much 
llOhtar  gat  turbines.  From  early  1060  to  the  preeam,  gains  in  weight-empty 
appear  much  slower.  Tha  tute-of-the-art  progress  can  be  judged  by  tha  so- 
called  optimal  boundaries  of  Soviet  and  Western  rowroeft. 

2.  Looking  at  the  optimal  boundaries,  it  appears  that  at  far  at  the  potential  tute- 
of-the-art  it  concarned.  Western  technology  Is  still  able  to  produce  helicopters 
with  a  lower  weight-empty  to  gross-weight  ratio  than  tiwir  Soviet  counurpartt. 
However,  when  one  looks  at  the  actual  points  of  Wettam  and  Soviet  helicopters 
for  the  1980t.  it  appears  that  the  evw  s'eo  W,  for  the  West  would  not  be  at 
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HELAT'.VE  weight  empty  estimates  (CONT'D) 
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'j«v«r.  m  by  (h«  jptiin«l  boudJirict.  r^iti>»nnore.  U-ckirj 

at  vatuM  (or  Soviat  hypotMaticai  haliccptert,  etpacialiy  e(  tf.a  tingla-rotor 
corf'gu'it'jn,  it  apywait  that  thi  Soviati  bot>a  to  cIom  tha  Maight  gap  cx  >ii  ■} 
wfitti  tTM  hVatt,  and  ara  prgbabty  working  in  tnat  direction. 

o.  Witf)  reipact  to  trie  tinglc-retor  and  tandem  Western  helicopter  cenfigurationt, 
it  appaan  tnat.  in  general,  the  ume  progrtxs  with  time  regarding  weight-empty 
appiiet.  In  the  USSR,  tha  greatest  progress  in  lowering  tns  weight-empty  ratio 
was  maoe  tor  sirtgle-rotor  contigurationt.  This  progress  is  also  proiectco  tor  the 
(uture,  at  inoicatad  by  the  values  tor  the  hypotnaticai  machine. 

As  to  the  tilt-rotor  contiguration,  it  is  clea<'  that  the  M',  level  for  the  XV- 15 
aircraft  presently  in  use  it  rrtuch  higher,  even  for  STOL  operations,  than  tita 
average  (or  present-day  helicopters.  Currant  weight  estimates  for  the  V-22  tilt- 
rotor  show  that  its  weight-empty  to  grosa-weight  rttio  for  VTO  conditions 
should  be  on  the  level  of  the  XV-16  with  STO,  and  for  its  STO  grou  weight,  the 
V-22  weight-empty  ratio  should  approach  that  of  some  current  helicopters.  It 
can  also  ba  saen  from  Fig.  1.1  that  tha  projectad  valuas  of  tha  tV,  ratio  of  tha 
hypothetical  tilt-rotor  (Rat.  3)  are  expected  to  be  even  better  then  for  the  V-22. 

4.  Moderate  improvements  in  the  weight-empty  to  gross-weight  ratio  from  tha 
1960s  to  the  present  ere  pertisily  due  to  further  improvements  in  weight  aspects 
of  engines,  but  also  probeblv  retlea  progress  in  structural  weights  of  ell  other 
meior  heiicapter  components.  In  order  to  obuin  a  better  picturt  of  this  aspect, 
the  contribution  of  component  weights  end  changes  with  time  will  be  separately 
exammad. 

1.2.3  Effect  of  Rotorcraft  Sin  on  Relative  tVci?ht-Emp(v  Levels. 

In  order  to  examine  whetfier  or  not  there  is  any  definite  trend  regarding  the  inflweiKt 
of  rotorcraft  site  -  at  exprenad  through  its  maximum  fiving  grow  weight  -  on  the  weight- 
empty  to  maxinxim  (lying  grose-weight  reuos.  IV,  values  in  Table  1.1  were  plotted  vs. 
on  the  semi-log  scale  (Figure  1.2).  Looking  at  this  figure,  the  following  can  be  noted: 

1.  Since  the  so-called  optimal  bowndery  may  be  interpreted  at  an  indication  of  the 
itate-of-the-ert  potential,  it  can  be  clearly  seen  that  as  ler  as  Western  htiicopt 
are  concerned,  euuaUy  low  h,  rslioe  can,  m  principle,  be  acnieved  (or  small,  as 
well  as  large  helicopters.  However,  looking  at  the  overall  distribution  of  points 
representing  the  Western  helicoptcri  in  Figure  1.2,  it  cen  be  determined  that,  on 
the  averagt.  there  is  some  improvement  in  th'  ^  weight-empty  with  S'te  as 
far  as  pure  helicopters  ere  concerned.  Date  for  aoviet  heltcopten  -  as  espressed 
through  optimal  boundsriet  end  (ha  overall  distribution  of  points  -  seems  to 
support  the  treno  of  relstive  weight  improvement  with  sire. 
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2. 


in  ordar  to  g«  •  btmr  loaa  ragarorng  tnt  reuvonwiip  batwwn  tna  rdatiw* 
waight-amotv  of  •  retorcraft  and  iti  nza,  tha  atfecv  of  ttia  rotorcraft  maximum 
flying  g:o«  oaaignt  on  tna  raiativa  waignts  el  all  majoi  fuucturai  cemponanu 
ihouid  ba  a&aminad.  Thia  wiil  ba  dona  in  a  May  timilar  to  tha  waight-ampty  caaa 
by  plotting  tna  ralativa  «ia>gnt  of  aacn  ot  tna  major  componanti  vl.  maximum 
flying  groat  waight. 


U  Trindt  in  RtUtiv*  Wcigha  of  Main-Rotor  Bladat 

IJ.1  Ganaral 

Ai  in  tnt  praea<iir)9  cata  ot  rtiativa  Mwignt  amptv.  Ota  raiativa  Mwignt  of  Ota  main-rotor 
faladol  it  dafinad  with  raipaet  to  tha  ntaxHitum  eparaiional  grou  waight  of  Ota  rotoreraft: 

«1.2) 

whara  it  tha  actual  weight  of  tna  biadM.  AlOtougn  oia  waight  of  main-rotor  bladat  it  not 
tha  largatt  contributor  to  tha  amoty  weight  of  the  aircraft  iti  influanot  on  tha  M',  level  goat 
bayottd  itt  direct  fractiortal  participation  in  that  quantity.  Thit  it  due  to  tha  magnitude  of  tha 
oantrifugal  force  generated  by  the  Madae  which,  in  ittaM.  it  proportional  to  tha  blade  waight 
and  thut,  ttrongly  infiuanoat  tha  waight  of  tha  hubt  and  Mngat.  Furtharmora.  tha  bladat  artd 
hubt,  togtthar.  form  tha  lifting  lyttam;  rtpretanbng  the  amat  important  ataambly  of  a  rotor- 
craft  For  thit  raaton,  tranA  in  tha  raiativa  waight  of  thaaoiin-rotor  bladat  are  vary  important 
to  tha  rotoreraft  datigner.  Trandt  in  main-rotor  blada  wai#Mt  for  a  ralativaly  larga  numbar  of 
Wattarn  and  Soviat  halicoptart,  covering  tha  time  tpan  fram  tha  early  leSOt  to  tha  pretant  and 
avan  beyond,  are  ataamblad  and  pretantad  in  Table  1.2.  laputt  for  Wattem  rotoreraft  pretantad 
in  thit  table  ware  chiefly  obtained  from  weight  ttatamemiaf  variout  helicopter  manufacturere, 
whila  thit  information  for  Soviet  machinat  wat  obtainad  from  Raf.  4.  Both  temporal  and 
titoralated  trandt  in  iV^/  are  thown  in  thit  table. 

1 .3.2  Temporal  Variationt  of  W^,  Ratiot 

Temporal  variatiortt  in  relative  main-rotor  Made  wognuare  given  in  Figure  1.3.  The 
following  obiervationt  can  be  made  from  an  examination  of  tnirtgure. 

1.  With  retpect  to  Wattem  halicoptart,  it  appeert  Wat  at  far  at  tha  potential  of 
achieving  low  vaiuat,  at  expraitad  by  tha  opimal  boundary,  the  Wattem 
induttry.  avert  in  tha  early  IBSOt,  could  prodoa  relative  Made  waightt  not 
much  higher  than  ihote  of  contemporary  haiieptert.  Looking  at  tha  overall 
dittribution  of  pointi  repretanting  Wettarn  daignt,  one  findt  that,  on  tha 
average,  only  a  flight  decline  in  IV^,  vaiuat  wtb  tima  can  ba  notioad.  Thit 
temporal  trend  exittt  in  tpita  of  the  eppaararto  of  new  advanced  materialt 
with  better  and  better  twangth-to-tpaafic  waipt  ratiot.  One  may  expect, 
hanea,  that  theta  new  matarialt  would  contribuarto  the  dacrcate  in  W^,  laveit. 
However,  tuch  conttrainii  at  rotor  axial  moman  of  inertia  and  Made  coning 
angle  reqjiramantt  do  not  permit  one  to  ukafWI  advantage  of  the  material 
potential  in  practical  datigrtt.  Thit  lubiect  it  mee  thoroughly  invaitigatad  in 
the  Appendix  to  Chapter  2.  It  it  alto  intereitingio  note  that  the  relative  scatter 
of  Western  points  it  not  very  large.  With  respcctio  the  tilt-rotor  configuration, 
values  of  tha  XV-1S  bated  on  STO  optratierare  even  slightly  better  than 
the  optimal  boundaries  for  pure  helicopters.  ThtXV-IS  points  for  VTO  opera¬ 
tions  are  slightly  above  the  optimal  boundary. 
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RELATIVE  BLADE-WEIGHT  ESTIMATES  (CONT'O) 
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U..  Unfortunataly,  th«  Soviet  trends  «r«  not  supported  by  ttitisrical  Pits  es  ei- 
tonsive  end  reliebie  as  that  in  the  West,  but  still,  one  may  make  a  fair  judge- 
mental  attempt  at  to  the  following  obtarvations:  From  the  early  days  of  the  Mil 
Mi- 1  and  Mi-4.  considerable  progresa  relating  to  the  rsiativa  blade  weight  was 
made.  This  was  visible  from  tha  cate  of  the  Mi-6  (106BI  points  showing  a  reduc¬ 
tion  in  from  8.3  percent  for  their  original  blades  having  steel  tubular  spars, 
to  6.3S  percent  for  later  detigttt  (probably  fiber  glaui.  The  tame  uend  was 
obaarvod  for  the  Mi-8,  where  tha  relative  blade  weight  was  reduced  from  S.58 
parcant  for  extruded  Duralumin  spars,  to  4.84  percent  for  tha  glass  fiber  design. 
For  the  Mil  Mi-2  design  which  was  basically  put  into  service  in  1 068,  =  4.46 

porcarn  is  not  much  different  than  the  optimal  Western  vsiues.  As  far  as  pro- 
jactiofM  for  tha  future  are  concerned,  points  for  the  hypothetical  heiicaptars 
seam  to  indierM  that  tha  Soviets  hope  to  attain  levels  represented  by  the 

optimal  Wostam  bcuitdaries. 

1.3.3  Effect  of  Rotorcraft  Site  on 

The  affect  of  rotorcraft  siaa  on  the  ralathra  weight  of  main.rotor  blades  is  examined 
by  plotting  vs.  maximum  flying  gross  weight  (Figure  t.4).  Looking  at  this  figure,  the 
following  observations  can  be  made. 

1.  The  shape  of  the  optimal  boundary  for  Wasiam  helicopters,  as  well  as  the 
disirlbution  of  points  seems  to  indicate  that  the  >  fOl'mex*  funnion  anains 
its  optimum  value  for  medium  siu  heiicaptars  of  the  10,000  to  20,000-pound 
maximum  gross  weight  class.  There  seems  to  be  a  marked  trend  for  an  increase 
M  values  as  the  rotorcraft  grots  weight  dacressss  from  the  lO.OOOiwund 
level.  By  contrast,  onlv  a  slight  trend  toward  an  inaeato  in  the  relative  Made- 
svalght  level  can  be  noted  as  the  helicoptar  gross  weight  increases  beyond  the 
28,OOOpound  level.  Within  tha  lO.OOOiwund  m  Pmoet  160.000iMund  maxi¬ 
mum  great  weight  range,  d«o  average  w^,  leval  for  Wettam  helicoptert  dees 
not  aeem  to  be  much  differom  tfian  about  4  pamnst  It  should  alto  be  nosed 
that  witfi  few  exceptions,  the  scatter  of  Weeiem  oeints  from  the  4  percent 
•oval  it  net  very  high. 

2.  With  ratpeot  to  Soviet  halicopisrs,  it  it  semawlsai  difficult  to  attaWith  the 
optimol  boundary  at  higher  maximum  flyirtg  great  weight  values  other  than 
that  corresponding  to  the  Mi-8  (approximotaly  at  Wt  20,(X>O-pound  point  on 
tha  graph  dapictad  in  Figure  1.41,  since  this  invesigator  hat  been  unable  to 
secure  actual  Mode  weighit  of  such  now  designs  at  die  Mil  Mi-26  artd  Mi-17. 
It  was  shown  in  Reft.  1  and  6  that  the  Mi-28  it  quits  similar  in  many  respects 
to  the  Tishchenko  hypothetical  helicopter,  thus,  it  may  be  assumed  that  its 
blade  weights  would  also  be  not  much  different  trots  those  of  the  Tishchenko 
SR-62  helicoptar.  Based  on  this  assumption,  optitsai  boundaries  for  Soviet 
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htlicopttn  was  axtandad  bayond  tha  Mi-8  point.  Looking  at  the  so-cttablitbed 
epbma)  bounuary,  as  w«u  as  tna  actual  poinu,  it  apiwart  tnat  me  tame  con¬ 
clusions  as  tbosa  derived  for  Western  halicopteri  appear  feasible.  The  values 
of  'tnu  to  attain  trieir  opiimum  level  lor  the  lU.uOU  lo  ^U.OOUpoond 
maaimum  gross-seeigfit  class  and,  outside  of  this  boundary,  they  tend  to  sharply 
increase  with  a  decrease  in  values,  and  incrasia  only  moderately  as  the 

'****  becomes  higher  than  20,000  pounds.  As  far  at  the  general  trend  is 
concerned,  it  appears  that  relative  blade  weights  of  Soviet  heli  »ptert  tend  to  be 
slightly  higher  than  those  of  their  Western  counterparts.  At  to  future  trends  -  as 
eapretted  through  data  for  the  hypothetical  helicaptcrt*  -  o  se  would  find  that 
f-A  tha  single-rotor  helicopter  in  the  upper  medium  gross-weight  class  (about 
40,000  pounds),  they  expect  to  achieve  levals  as  good  u  the  optimal  ones 
for  Western  machines.  However,  for  large  helicapters  of  the  Mi-28  class,  they 
seem  to  accept  higher  relative  blade-weight  values  than  those  of  the  West  for 
both  single-rotor  and  tandem  helicopters.  By  comrast,  for  the  side-by-side  con¬ 
figuration,  they  expect  to  do  better  than  has  been  accomplithed  in  the  West.  It 
should  be  noted  that  the  trends  represented  by  the  Soviet  hypotheticsl  tandem 
and  side-by-side  helicopters  are  probably  not  very  significant  at  there  it  no  indi¬ 
cation  that  they  are  developing  any  large  helicopters  of  these  cor.figuratiofts. 


1.4  Trendi  in  Rtlativi  VVaightt  of  Matn*Rotor  Hub*  and  Hingci 

M.1  Ganoral 

Rtlativa  VK*iyht  of  th*  mam-fotor  hub*  and  bingei  |(V^)  ii  related,  at  alMayi  in  thii 
•tudy,  to  tha  maximum  flying  grott  Moignt  of  tfi*  rotorerth,  and  it  daf tnad  at  followt: 

>*'a  -  <1.3» 

whara  H'/t  it  tha  VMight  par  aircraft  of  tha  main  rotor  hub*  and  hinget.  Similar  to  tn*  pracading 
cata  of  main-rotor  bladat.  tha  naeatiary  inputt  requtrad  to  attablith  trend*  for  both  t*>nporal 
and  tiza  wariationt  of  tha  If/,  laval*  wara  obtainad  from  tha  wiaight  ttatamentt  of  tha  manu- 
facturan  of  Wattarn  rotorcraft,  and  from  Rafaranoa  4  for  Soviat  halicoptart.  That*  inputt  ar* 
praaantad  in  tabular  form  in  TabI*  1.3. 

1.4.2  Tamporal  Variation  of  Ratioa 

Tamporal  variationt  In  ralativt  waightt  of  main-rotor  hubt  and  hingm  ara  dtown  in 
Figura  1.S.  Looking  at  thit  graph,  tha  followring  trandt  can  b*  datactad. 

1.  It  appaart  that  for  Wattarn  halicoptart,  tha  to-callad  optimal  boundary  tuttained 
an  almott  eonatant  laval  of  tiightly  baloar  a  4-parcant  valu*  from  tha  fiftiat  to 
the  aarly  tavamiat.  Than,  in  tha  aightiat,  it  datcandad  to  a  laval  of  tiightly  baloar 
3  paroant.  Tha  daeraating  traftd  in  IF^  valuat,  timilar  to  that  of  tha  optimal 
boundary,  can  alto  ba  notad  by  axamining  tha  ovarall  dittribution  of  Wattarn 
halieoptar  poinu  in  Figura  1.6  and  drawing  an  imaginary  lin*  rapratanting  tha 
maan-valu*  lin*  through  that*  pointt.  It  it  intaratting  to  not*  that  for  tha  tilt- 
rotor  rapratantad  by  tha  XV-16,  IF^  valuM  batad  on  both  STO  and  VTO  maxi¬ 
mum  groat  waightt  ara  quita  dot*  to  tha  optimal  boundary  for  Wattarn  hali- 
coptari.  Ona  thould  dto  net*  a  contMarabl*  drop  in  tha  W/,  level  in  thota  cate* 
whaia  tttal  hubt  ware  raplaead  by  theta  mada  of  titanium.  In  turn,  replacing 
titanium  hubt  with  hubt  mad*  of  oempotit*  fibr*  material*  led  to  a  further 
reduction  in  1^,,.  Thit  clearly  iliuitratat  Ih*  influanca  of  matarialt  having  better 
ttrength-to-tpaeific-waight  ratio*. 

2.  It  it  difficult  to  detect,  with  a  dagroa  of  certainty,  the  tamporal  trend*  in  the 
vakMt  of  Soviat  haiiceptart  bacauta  of  the  relatively  limited  amount  of  data 
availaW*  to  thit  invattigator.  Howavar.  even  on  tha  batit  of  tha  limited  informa¬ 
tion  praaantad  in  Figure  1.5,  the  following  tantativ*  obiarvationt  can  bo  mad*. 
Although,  througfi  tha  yaart,  the  W/,  level*  of  Soviat  haiicoptart  generally  war* 
above  thoaa  for  Wattarn  anchinat,  there  it  an  axcaption  in  tf<*  Mi-2  cat*,  whar* 
itt  Wf,  level  it  on  tha  optimal  boundary  for  Wettam  helicoptart.  A*  far  at  future 
trandt  and  affortt  ara  concamad,  there  appaart  no  protection  (and  probably, 
Utda  afforti  to  attain  tha  optimd  Wattarn  Wf,  laval  for  all  configuration*  and 
tiaat  of  halicoptart.  Thit  latter  atpact  will  bo  more  clearly  vitible  in  Figura  1.6 
and  thut,  it  will  b*  more  thoroughly  diicuttad  in  tha  following  taction  of  thit 
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«x  P'yjft  1  6  rtiali«*  fub  n,  ti>»  toiiowmg 

tranci  t»vn  u  •ntat^. 

•  iV*i*n  r''*  looiit  at  t*>a  fift.mal  ho»>'vi»~«  'v  t'al-r H  artviaft 

tr.at  iba  io«c(t  ><«ai  auw^t  i.l  >  >>  V\*  «C.>MO'put<nj  n^aA. 

.’f'Lm  i"jM  oaight  c:as(  mac^i'^.  for  at'j  "i.-a*!**  rie.icopwri.  ine 

ocXimai  oaiuta  tarw  tu  I'lC/aaM.  itacrung  *  J.:/V  toi  tn#  bCOCi  pound 
grou-Meigbt.  anp  aoout  6%  tor  r>a  140  COO  pOunu  giou  waight  macn'nat.  Mow- 
tit'.  tnt  cvtrali  diitriPution  C  tba  « ,  pe<n>a  taam  to  lu ggait  that  on  tnt 
itarage.  tne  raiativa  Ma<gnu  o>  tn«  nuo  ano  n..->vn  iiav  at  apout  ine  4  »  iev«i. 
•itbougti  tna  tcattar  ot  kj.uat  it  ouiit  ronii  itraoia  It  ii  a>io  clatr  tnat.  at 
inoicatM  in  tna  pracading  taction,  a  tranpbon  to  itiuctuiai  matanau  witn  bcitar 
itrangtn/tpacific  waignt  ratiot  It  g  .  from  ttaal  to  i::ariium,  ur  trom  titanium  to 
compotitatl  ratuitt  m  comidaraola  waigtil  laamgt.  it  it  alto  iniaratimg  to  note 
tnat  for  tna  tilt  rotor  conti-juration  (XV’161.  tna  valua  for  tna  VTO  itrignt 
on  tna  halicoptar  optimal  bowndary.  and  tor  i  4  operationL  a«an  balow  that 
lina. 


2.  Thara  ara  not  anough  point*  for  Soviat  naKoptari  in  Figura  16  to  potitivaly 
datina  an  optimal  boundary  tor  tt^  naluat.  HoHrarar,  it  apnaart  mat.  in  ganaral, 
tna  ralativa  bub  and  nmga  waignu  of  So«i*t  production  naiicoptari  ara  hignar 
man  VioM  of  thair  Wattatn  courtarpara.  Tna  Mi  2  raprattna  an  encaption,  at 
Its  •1'^  point  it  right  on  ma  optimal  boundary  lor  Wattarn  nalicoptart.  By 
cpntratt,  poinn  for  tha  Mi  6  and  Mi- 10  irt  «tiy  abota  ma  tVaitarn  trand  with 
iT.^  «  7.8%  for  m«  Ml  6  and  about  6  by  tor  tna  Mi-10  naUcoptar.  At  to  tna 
•ndicaiiont  ragardmg  futura  fandi.  it  tf>au:d  ua  noted  mat  tor  ma  tingia-rotor 
configuration  of  ma  38.000  pound  groaaawivni  clatt.  low  i> ,  vaiutt  of  about 
4\  (ra  yitualitad  (right  on  ma  upumal  iMinuaiy  of  VVattarn  nalicoptartl,  while 
for  the  large  tirtgla-rotor  macMnat  of  tna  :M<26  grou  weight  clatt  ^ 

130.000  Ibl,  Soviet  goall  are  mota  coniarvatnwliiA  *  C\).  Proiactiona  for  tha 
tida  by  tida  nalicoptart  of  ma  Mi-26  grott-vaagnt  clatt  appear  uuiia  optimutic 
witn  11’^  w  3.T%  >  below  tna  tVaitain  optimal.'loundaiy. 
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1  5  Tr«"H|  In  W*>ghH  nf  Pii«»l»9»« 


1.5.1  Gineral 

Th*  fuMt«4«  waight  group  o>  a  rotorcraft  it  contidared  hart  -  as  in  Rat.  1  -  to  cuntist 
of  tba  following  aiamanw  <a)  fusalaga.  bonronral  and  vartical  amoannaoas.  Id  ang'oa 
nacallas,  and  (d|  a>r  induction  tystam.  Tha  relatira  waigtit  ol  the  tusaiaga  is  dolmad  at. 

whara  Wf  it  tha  waight  of  tha  fusalaga  group,  rapratanting  tha  turn  of  tha  weights  ot  all  tha 
tuPi-O'-'ponants  listad  abova  at  items  (ai  ;hrough  (d).  Inputs,  necessary  to  estaolith  both 
tampjiai  and  tiaa-ralatad  trends  tor  ralatiya  fuselage  weights,  are  presented  in  Table  1 .4. 

t.S.2  Temporal  Variations  ot  Wf  Ratios. 

Temporal  variations  in  relative  weights  ot  rotorcratt  futelagat  are  presented  in  Figure 
1 .7,  from  which  the  following  trends  can  be  deduced. 

1.  With  respect  to  Western  rotorcraft,  one  should  note  that  in  spite  of  a  consider. 
abta  scatter  of  points,  a  general  trend  emerges  which  indicates  a  decrease  in 
Wf  with  time.  This  trend  becomes  even  more  noticeable  whan  die  totalled 
optimal  boundary  is  eKamined  tor  iVf  values.  Also,  looking  at  this  boundary, 
one  should  note  that  relative  tutelage  weights  for  the  crane  configurations 
for  both  the  Sikorsky  CH-54  and  the  Boeing  Vertol  heavy-lift  helicopter  are 
below  the  li  te  representing  optimal  Wf  values  of  other  Western  configurations. 
Points  cerresponding  to  the  tilt-rotor  configuration  at  represented  by  the  XV-15 
show  that  the  Wf  value  for  VTO  operations  teems  to  be  definitely  above  those 
representing  other  contemporary  rotorcraft,  while  for  the  STO  case,  the  is^ 
it  Within  the  higher  helicopter  values. 

2.  It  it  more  difficult  to  establish  temporal  trends  in  If,  values  for  Soviet  heli¬ 
copters,  since  this  investigator  hat  no  reliable  data  regarding  tutelage  weights 
for  Russian  rotorcraft  of  the  seventies  and  eighties.  However,  at  in  the  pre- 
cedirtg  cates,  assuming  that  the  hypothetical  tmgie-rotor  helicopters  closely 
retembla  actually  achievable  weight  levels,  a  tentative  optimal  boundary  hat 
been  entended  in  Figure  1.7  between  the  1068  and  1083  abscissas.  Looking  at 
this  lina  aruf  the  general  distribution  of  Soviet  it',  points,  one  may  conclude 
that,  as  in  the  West,  there  should  be  a  t'end  m  the  USSR  toward  a  decrease 
in  if,  levels  with  time.  Ntvertheleu.  it  appears  ttiet.  as  in  the  pcti.  Soviet  relative 
fuselagc-group  weights  would  remain  somewhat  above  that  of  their  Western 
counterparts. 

1.3.3  Influence  of  Rotorcraft  Site  (Itna*  *  Levels 

The  Influence  of  the  size  of  the  rotorcraft.  at  aapramd  through  its  maeimum  flying 
grots  weight,  on  the  If,  level  can  be  detected  by  cxamim.ig  figure  I.B,  where  one  may  note 
the  following. 
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Temporal  trends  in  relative  weiyhtt  of  fuselage  groups 


Figure  1.6  Trends  in  relative  (utelege  weight!  vs,  me»imuin  flying  grots  weights  of  rotorcreft 


For  Wttttm  .lolicopttrt.  thore  it  contidtraoit  Katttr  in  tht  Wf  vtluti  for  each 
maximum  ^rott-wanjht  c  tit.  Howrver  wiinm  th'i  tcatttr.  it  ^^^«^rs  that  in 
ganaral,  ttit  rtlativa  futet.  gt  waightt  of  tha  tanOam  configuration!  tend  to  te 
tomawhat  riigriar  than  thoia  of  tha  tmgic-rcior  type.  Looking  at  tne  Western 
optima*  Ooundary.  one  nvy  ptetuina  that,  potentially,  the  lc.«esi  tif  values 
could  be  achieved  for  tha  Ligle -rotor,  madium-tiza  halicoptert  of  the  20.000  to 
2S,000-pound  maximum  gro-.t-waight  clau.  At  lor  tha  crana-tyoa  configurations, 
it  it  clear  'rom  Figure  I.S.  a:  vvall  at  from  Figure  1.7,  that  this  hai'copter  cate- 
Oory  axhioitt  It/  levels  cont  darably  below  those  of  their  non-crane  counter¬ 
parts.  For  the  tilt-rotor  aircraft,  deviationt  of  the  relative  fuselaga  weight  values, 
once  judged  within  the  context  of  their  grott-weight  class,  teem  more  favorable 
when  compared  with  helic<H>ter'-  than  would  appear  from  Figure  1.7. 

In  attempting  to  establish  tha  giott-weight  relaiad  trend  in  h'f  values  for  Soviet 
helicopters,  one  wouid  note  fror.t  Figure  1 .8  that  once  the  point  on  the  extreme 
left  corresponding  to  an  early  design  (Mi-1j  is  excluded,  the  relative  fuselage 
weights  of  the  Mi-2  through  Mi- 12  are  consittentiy  close  to  H'f  w  12  percent. 
The  Mi-6  and  Mi- 10  form  an  excastion,  having  Wf  values  of  14.3  and  13.4  per¬ 
cent.  respectively.  From  a  plot  of  ooints  for  Soviet  helicopters  for  which  data  it 
availaUa,  it  appv.art  that,  in  genera ,  their  Wf  values  teem  to  be  higher  than  fer 
their  Western  counterparts  represented  by  single-rotor  configurations.  With  no 
substantial  data  available  for  relative  fuselage  weighH  of  Soviet  helicoptert 
from  the  seventies  and  ei^ties,  it  it  assumed  that  the  Wf  values  derived  from 
the  single-rotor  hypothetical  helicotitert  of  Ref.  4  should  give  an  indication 
regarding  the  trend.  Following  this  leatoning.  it  appears  that  Soviet  designers 
are  attempting  to,  and  perhaps,  alreaty  have  achic««4  the  same  levels  regarding 
relative  fuselage  weights  at  those  in  the  West. 


)  .6  r rcnot  in  Htinivt  Wtigntt  ot  Lan<iing  Unaf t 

t  6  1  G«n*r«l 

Thtirt  ar*  thrtt  bMic  typM  o(  landing  gtart  baing  usad  in  rotary-wing  aircraft: 
(a)  Ikidt,  (bi  liKtd,  and  icl  ratractabia.  Mitnm  tna  mutt  numarout  group  ot  luj.  on#  may 
diatinguith  a  ipacial  tub-group  of  tallar-than-utual  landing  gean  for  cranat  and  haavy-lift 
Micoptort.  Ono  may  axpact  that  tha  ralativa  waight  trandt  may  ba  lomewhat  ditfarani 
for  aach  of  tha  abova-mantionad  typat  of  landing  gaart.  In  addition,  toma  mvattigatort 
of  tba  waight  atpacti  of  landing  gaari  (i.a.,  Tithchanko  at  al*)  tand  to  attablith  landing- 
gaar  trandt  laparataly  for  tingla-rotor  and  tandam  configurationt.  Howavar,  tmi  mvatti- 
gater  baliavat  that  diffarancat  in  tha  ralativa-waignt  trandt  of  undarcarriagat  for  tandem 
and  tingla-rotor  halicoptart  are  not  large  ariough  to  warrant  attaWithmant  of  laparata 
tub-groupt  in  tha  pretant  ttudy. 

Tha  ralativa  waight  of  a  landing-gear  group  it  defined  at 

whara  it  tha  weight  of  tha  landing  gear,  artd  at  afwayt.  rapretantt  the  maxi¬ 

mum  flying  weight  of  a  rotoreraft.  Inputt  nacattary  to  attablith  both  temporal  and 
tiaa-raittad  trandt  in  If/^  valuat  are  pratantad  in  Tabla  1.5. 

1 .6,2  Temporal  Trandt  in  ftatiot 

Temporal  variatkmt  in  relative  landinggaar  waightt  are  ptatantad  in  Fig.  1.9, 
from  which  tha  following  trandt  can  ba  deduced. 

1.  With  ratpact  to  Wattarn  rotoreraft,  one  would  note  that  in  tha  tkid-type 
landing  gaart,  there  taemt  to  ba  practically  no  chaitga  in  ralativa  waightt 
over  tha  yaart,  with  tha  IF^^  value  being  tlighdy  abate  1%  of 
exception  it  the  tha  MBB  106  halicoptar  with  *  2%.  Ralativa  waightt 
of  tha  whaal-typa  fixed  landing  gaart,  whan  iudgad  ia  tha  ligiit  of  tha  to- 
callad  optimal  boundary  at  wall  at  actual  dittributio*  of  pointt,  taemt  to 
indicate  toma  decline  in  valuat  with  tima  -  approaching,  in  tha 
aightiat,  tha  w  2.2%  level.  At  expected,  tha  relative  landing  weight 
of  the  haavy-lift  halicoptar  it  contidarably  highar  (IV,^  •  4.3%)  than 
thota  of  tha  optimal  boundary.  One  may  expect  dwt,  in  principle,  IV, ^ 
valuat  for  ratrxtable  landing  gaart  thould  ba  highar  than  thota  lor  their 
fixed- type  counterpartt.  Thif  trend  can  be  noted  frooi  Fig.  1.9.  Howavar, 
the  *  1.66%  value  for  the  CH-53E  halicoptar  rapretantt  an  interatting 
exception.  With  ratpact  to  the  tilt-rotor  configuration,  at  exemplified 
by  tha  XV- 16.  itt  tVfg  it  contiderably  higher  for  VTO  opar.tioni,  and 
dlghtly  higher  for  STO  oparationt  than  for  halicoptart. 

2.  Having  no  data  availaMa  to  thit  invattigator  on  valuct  'or  contem¬ 
porary  Soviet  halicoptart.  tha  to-called  optimal  for  relative  landing- 
gear  waightt  wat  ettablithed  uting  inputt  for  hypadietical  helicoptert  of 
Ref.  4.  Except  for  the  V- 12  cate,  pointt  for  all  odier  actual  helicoptert 
appear  quite  dote  to  tha  optimal  boundary.  Looking  at  the  trend  tug- 
gettad  by  thit  boundary,  it  appeari  that  timilar  ta  the  Wettern  cate,  a 
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Figure  1 .9  Temporal  trend*  in  relative  weight*  of  landing  gear* 


slight  declin*  with  timt  in  the  W/g  vslut  can  alto  be  depicted  in  Soviet 
designs.  Special  tail  landing  gears  for  a  cra'^e  relicopter  obviously  resuhs 
in  a  much  higher  W/g  level  than  for  normal  undercarriages.  One  also 
should  note  that  the  relative  weights  of  Soviet  fixed  landing  gears  are 
generally  quita  close  to  those  of  U.eir  Western  counterparts.  Vritn  respect 
to  Soviet  retractable  landing  gears,  one  of  tha  points  shown  in  Fig.  1.9 
raprasents  tha  iV/g  value  for  a  hypothetical  helicopter*.  Tha  anticipated 
W/g  levci  appears  similar  to  those  of  some  Western  rotorcraft. 

1.6.3  Influence  of  Rotorcraft  Size  on  W/g  levels 

The  influence  of  rotorcraft  maximum  flying  weight  on  W/g  values  can  be  studied 
from  Fig.  1.10.  Looking  at  this  figure,  the  following  trends  can  be  detected. 

1.  In  the  Western  group,  orte  will  rsote  that,  in  principle,  the  relative  weight 
of  the  skid-type  landirtg  gear  does  not  teem  to  be  affected  by  lf'„,x 
values.  Alto,  W/g  levels  for  wheel-type  fixed  landing  gears  does  not  appear 
to  ba  affected  (in  a  trend  manner)  by  the  flying  gross-weight  values. 
Higher-than-normal  W/g  values  for  the  heavy-lift  helicopter  should  be 
attributed  to  the  specific  configuretion  of  its  landing  gear,  and  not  its 
maximum  flying  gross  wei^t  With  respect  to  the  retractable  landing  gear, 
there  arc  r.ot  enough  points  at  this  time  to  establish  a  meaningful  trend. 

2.  With  respect  to  Soviet  helicupters,  a  trend  of  almost  constant  values 

with  for  fixed-whee'  ype  landing  gears  seems  to  emerge  from  an 
examination  of  Fig,  1.1C  where  the  so-called  optimal  boundary  also 
appear  tpresent  the  average  iV/g  -  f{W„g,)  line.  Extension  of  the 
optimal  'dary  using  data  for  hypothetical  helicopters*  appears  to 
support  -.iv  trend  of  iV/g  vs.  ^'*'9  almost  constant.  Similar  to  the 

cate  of  Western  heavy-lift  helicopters,  high  values  of  the  H'/g  points  repre¬ 
senting  the  crene  configuration  end  the  Mil  V-12  side-by-side  helicopter 
are  exceptions  resulting  trom  specific  lanoir.g-gesr  configurations.  There 
is  simply  no  dau  available  regarding  retractable  landing  gears  to  esublith 
a  trend  of  W/g  vs.  W^gg’  This  is  due  to  the  tact  that  all  presently  opera¬ 
tional  helicopters  have  fixed  landing  gears  and,  except  for  a  single  point, 
this  investigator  could  not  find  any  IV, ^  vtlues  for  retractable  landing  gears 
of  hypothetical  helicopters. 


relative  landing-gear  weights  vs.  rotorcraft  size  (max.  flying  gross  weight) 


1.7  Tftodt  in  RtUtiv*  VVfi^nu  ot  tn«  Drive  SvHem 

1  7  1  Gen«f(i 

In  kvei^nt  pr»J.kt>ont  o>  tne  drive  (vttem.  Mserite  eiiimetrt  eiv  utui  iy  m«Oe  for 
3eerho«e<  J  «"•*'**  f- jrrnermofe  it  mjv  b*  rerv'T  fn/t  i,^,  i^’nt 

delerininiiig  tbt  jI  tbe  diue  tyium  wiil  L«  ihe  ineiinluJe  uf  loigwt  tientin-aeo  liiroM^n 

verioui  eiertieiiU  of  tne  »v«tem.  Cjniequently,  iucf»  cnirjctffiitics  ti  (io«*r  nitjHe.l  jnp 
overall  irenirr.iu.on  ittm  would  more  tt'onijly  etfect  tbe  drmv  ivttmTi  niei^jM  ie«el  X'i*n  me  t>:e 
of  a  rotorcrett  opreiMd  (nrouyn  lU  mexinHim  fiyinj  grow  nei>;nt.  I  ne  inf.'^erKe  of  puner  «nj 
trenimittion  ratio  on  tra'imiwiott  waigM  will  be  diKunad  at  tna  erid  of  thit  teotion.  However 
since  tna  oiaM'ii  truoy  it  eiinad  at  presenting  the  iiitiuance  of  relative  waigntt  of  niaior  rutiif' 
cratt  components  on  relative  waignt  emoty.  tbe  tamt  pnilotouby  will  be  maintained.  Const- 
duantly,  witn  rvspact  to  waiynt.  tna  drive  system  wiU  oa  treated  as  a  single  wnpia,  and  rts 
relative  weight  tn^,)  will  be  related,  at  in  preceding  cati\  to  tba  masirr.um  tlying  weight  of  the 
rotorcraft.  Thus, 

“da  “  ‘‘d./“'m.a  ‘‘61 

Ai',d  as  in  the  tiast.  both  temporal  and  tize-reicied  rotorcraft  trends  in  the 

will  be  examined.  Basic  data  required  for  establisSsng  these  trends  are  given  in  T  i.ile 

1.6. 

1.7.2  Temporal  Trends  in  “da  Ratios 

Temporal  variations  in  relative  drivt-system  weirhcare  presented  in  Fig.  1.11,  from 
which  the  f  olidwi  g  vends  will  be  deduced. 

VViin  lespect  to  yVes'.ern  rotorcrsft,  one  would  note  trat  for  pure  helicopters,  the  scatter 
In  values  is  not  as  high  as  anticipated.  Furthermore,  lossting  at  the  optimal  boundary,  otie 
may  assume  that  there  esists  soma  potential  trend  toward  rcojction  oi  the  leietivt  orivc-systtri 
weight  With  time,  in  spite  of  e  definite  tendency  to  install  mue  power  per  pound  uf  helicopter 
gross  weight  end  even  in  the  cases  of  esteblishing  operatiohu.power  hmi.s  to  have  more  powti 
available  per  pound  o*  gross  weight  m  the  newer  aircraft. 

It  should  be  emphetiied,  however,  that  tno  poteitiel  trend  toward  decreasing  II,, 
values  with  time  is  sught  end  when  one  looks  el  the  trend  reirescnied  by  average  ii  values,  it 
appears  siniosl  cunstant.  staying  at  about  an  U.^  level  througtaul  me  years. 

For  the  tilt  rotor  contigurati an  -  as  rep'esanied  Uv  the  XV-IB  -  tht  n,,.,  values  ait 
higher  (especieHy  for  VTO  operationst  then  tor  corietpordiig,heiicoi>tett. 

Suwiei  heiicapters  genarall/  exhibit  trends  similar  b  those  ot  their  Western  counttr- 
parta.  Their  optimel  txiurKlerv  tor  existing  machines  runs  vary  close  to  ihet  ot  the  West.  A 
tenuiive  extension  oi  that  boundary  on  tna  basis  of  date  tir  Soviet  hvpotheticeis  also  lemems 
dos*  10  Western  protections.  There  is  also  a  iimila'ity  m  theicetter  ol  points  tor  the  two  detig.n 
schools.  Looking  at  the  uro|actions  as  represanieO  by  the  tvootheticel  helicopters,  one  would 
note  that  the  Sunets  enticipete  (contrary  to  the  ectuti  Weswn  trenoi  coniideiebiv  hiijner  ;i  j, 
veljes  fur  me  large  (‘a2  metric  ton  I  lanOem  haheupter.  Tliisispvct  will  be  muie  cieaily  viuble 
in  Fig.  1.12. 
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17  3  H'  Tropcli  with  Re<r>*ct  to  Mnnimum  fjroti  W»i^h* 

RflaCfve  weighn  of  th»  drive  lyitem  -  «s  defined  by  Eo.  (6)  -  are  plotted  v».  maximum 
flyin;  groaa  weigttt  in  eig.  l.W.  examination  ut  tnit  iigura  wotuo  uigycsi  me  loiiowiug  ueiiu*. 

Should  one  sketch  an  optimal  iMundary  for  Western  rotorcraft,  it  would  show  that 
no  definite  itend  appears  in  in#  ti^j  -  /I'tn,,,)  reialioluhiP.  fuimer/nore.  looxnip  at  she  Jis- 
Uibution  of  the  average  values,  one  would  get  the  impreaion  that  -  similar  to  me  tem¬ 
poral  trend,  the  level  remains,  on  me  average,  almost  consunt  wim  respect  to 
(equal  to  about  8  percentl.  The  pend  indicated  in  me  previous  figure_it  confirmed  here  with 
respect  to  me  tilt-rotor  representation:  namely,  showing  that  me  If^,  value,  especially  in 
tha  VTO  case,  is  higher  man  tnat  for  helicopters  of  the  tame  weight  clast. 

Wim  respect  to  Soviet  nelicopters,  it  wu  not  possible  to  establish  a  clearly  defined 
optimal  boundary.  Looking  at  the  hypothetical  helicopters,  it  it  interesting  to  note  that  with 
m#  exception  of  the  tmgie-rotor  16  mepic-ton  clau,  me  aumort  of  Ref.  4  do  not  visualise 
any  reductions  in  values  below  paditional  levels.  Furthermore,  for  the  52-ton  tandem 
configuration,  thay  visualixt  relative  drive-system  weighu  higher  man  mesa  for  tha  single- 
rotor  or  tida-by-tida  helicopters  of  me  tame  weight  clast,  and  contidarably  higher  than  for 
ma  Western  tandem  haavy-lift  helicopter  fCH-62A1. 

1.7.4  Some  Omer  Ways  of  Relating  Drive-System  Weights  to  Rotorcraft  Characteristics 

In  order  to  determine  whs  mar  me  scatter  visible  in  Figt^  1.11  and  1.12  may  be  reduced, 
at  well  et  to  single  out  fKtort  wti  ch  may  conuibuta  to  a  future  reduction  in  system  weight,  me 
relationship  of  the  drive-system  veight  to  omer  principal  roicrcraft  characteristics  it  investi¬ 
gated.  Thus,  in  Fig.  1.13,  the  dr  e-tystem  weight  divided  by  Pantmiuion  reting  (f’t  it  plotted 
for  Western  helicopters  vs.  year  i  reduced  into  service. 

A  glance  et  mis  figure  w<  I  suggest  me  following  tempcrel  trend  in  transmission  weient 
par  horttpower  of  Pantmistion  >ating.  The  shape  of  the  optMeel  boundary  teems  to  indicate 
a  rapid  decrease  in  valuer  in  me  1850-1660  time  penod,  and  men  leveling  off,  This 
trend  alto  appears  to  be  confirnMd  by  me  overall  distribution  of  points,  which  alto  indicates 
that  in  me  I960- 19804-  time  period,  ma  avaraga  driva-ty stem  weight  par  hp  of  pantmistion 
rating  ramains  practically  constant  at  ma  w  0.055  Ib/hp  leiai> 

A  different  method  was  used  to  relate  drive-system  ssniyst  to  other  major  helicopter 
characttrittics  mrough  m#  following  parameter  (x): 

«  -  n-7) 

where  l>  tf**  helicopter  maximum  flying  waigr..  m  pounds  end  w  it  the  corresponding 

main-rotor(t)  disc-loading  in  ptf. 

The  selection  of  as  me  denominator  in  Eq.  (1.7) wet  supported  by  the  follow¬ 

ing  reasoning. 

In  hovar,  ma  rotor  horsepower  can  be  expressed  at 

RHPf,  -  T*^i550FMy/^  (1.81 

whc.'a  r  it  me  total  rotor  mrwst,  FM  it  ma  rotor  figure  of  meetl  p  it  the  air  density,  and  A 
is  me  roter(tl  area. 


Relative 


>  a**  C*a  t*te  J 


It  Ltn  b«  >atn  from  Cq.  (t  B1  lt.it 


Thii.  in  turn,  can  b«  rewritten  at 


PHP.  » 


^(rt'v^). 


At  :n  tha  pracadin9  cata,  k  vaiuat  <or  Western  nelicootert  were  plotted  vs.  year  of  entering 
rarvicc  In  Fig.  1.14.  Looking  at  tn;t  figure,  the  following  temporal  trend  w  a  levels  seem  to 
emerge.  On  the  average,  k  appears  to  remain  almost  constant,  and  approKimately  equal  to 
0.0130  Ib/lby/ptf.  The  shape  of  the  optimal  boundary  suggests  the  potential  for  a  slight  decline 
in  K  valuas  with  years. 

Frc.m  the  intarpreution  of  Figures  1.11,  1.13,  and  1.14,  one  may  conclude  that  there 
is  a  trend  toward  slightly  lighter  drive-systems  with  the  oassage  of  time,  where  the  lightness 
is  judged  by  (a)  the  level  of  the  relative  weight  (b)  weight  per  hp  of  the  transmission 

rating  {WgJP),  and  (cl  by  the  values  of  the  k  parameter. 


t.«i  Titnui  in  nciAiiv*  (Vci^nu  ut  (-u«i  AyiUin 


1  8.1 

In  wtieht'prtdiction  m«thod«,  th«  wreis^t  of  th»  fuel  lyttem  is  usually  directly  related 
to  tne  fuel  lauecity  of  ir.e  airttdlt.  rurtt>eiinote,  it  may  oe  eapecteu  mat  trie  weiynt  of  iiui 
system  would  be  strongly  affected  by  such  factors  as  self-sealing  and  crash-resistant  require¬ 
ments.  For  this  reason,  it  may  be  anticipated  that  a  large  scatter  would  be  encountered  if  one 
relates  the  fuel-system  weight  to  aircraft  grou  weigiit.  Nevertheless,  this  latter  approach  will 
also  be  used  here.  Thus,  for  reasons  already  discussed  in  the  preceding  section,  the  relative 
weight  of  the  fuel  system  |iV,|)  is  defined  at 

M.10I 

It  Should  alto  be  noted  that  because  on  the  average,  "*  ^***  Table  3.8' ), 

changes  in  Wf,  values  would  have  only  a  secondary  effect  on  the  rotorcraft  weight-empty 
level  when  compared  with  the  influence  of  relative  weighu  of  other  major  components.  For 
this  reason,  only  a  brief  examination  of  grou  weight-related  trcrtds  is  performed  here.  Basic 
inputs  for  this  task  are  given  in  Table  1.7. 

1 .8.2  Temporal  T rends  in  Wf^ 

Even  though  the  data  shown  in  Figure  1.16  is  somewhat  limited,  looking  at  this  figure 
one  would  note  that  for  Western  helicopters  there  is,  as  anticipated,  a  large  scatter  of  IF^, 
values.  Further  insight  would  indicata  that  theu  higher  Wf,  values  las  high  at  2.10%!  reprewnt 
military  hellcoptart,  where  crash-resistant  and  ulf-sealing  requirements  are  applied,  while  the 
optimal  boundary  remains  practically  contunt  vs.  time,  remaining  at  about  the  1 .1%  level. 

With  respect  to  Soviet  helicopters,  one  would  note  that  their  optimal  iVf,  boundary 
stays  very  clou  to  its  Western  counterpart  until  the  mid-sixtic.  and  then  dips  below  it  with 
future  projections  to  e  low  level  of  Wf,  ••  0.8%  only.  For  relaiive  fuel-system  weights,  the 
general  scatter  of  the  actual  and  hypothetical  helicopters  is  comparatively  low.  In  that  respect, 
it  would  be  interesting  to  obtain  data  for  their  comoat-type  heliceptert.  where  self-sealing  and 
crath-retistant  requirements  are  probably  incorporated,  and  tee  how  their  Wf,  values  would  fit 
into  the  general  trend  picture  of  Fig.  1.16. 

1.8.3  Influence  of  Rotorcraft  Size  on  Wf,  Level 

A  glance  at  Fig.  1.16  will  indicate  that  for  Western  heliceipiaia  there  appears  to  be  no 
vitiMa  trend  in  the  variations  of  Wf,  °  A  closer  exammoiior  will  show,  at  indicated 

In  the  preceoing  subsection,  that  the  Wf,  value  is  primarily  infiuemad  by  crash-resistant  and 
self-sealing  requirements,  and  not  by  the  helicopter  size. 

At  to  Soviet  helicopters  for  which  there  is  apparently  no  crashresistant  and  self-sealing 
requirements,  ordinates  of  the  optimal  boundary  remain  practically  oonstant  throughout  the 
weight  range,  and  Wf,  values  for  other  points  do  not  excessively  devue  from  the  optimum. 
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1  9  11  ct  Coi'fil  Gimo 

l.d  1  C«n*ril 

b  niiiif  to  tf*  Mt#  of  th»  cnv*  lyiteii  Wt  wieiiit  preOiction  proctdjre,  separate 
ei'irna’.fS  are  us;.  aiiy  *of  ‘hn  rorep't  a^O  'i*  rana.i'ij  ctJ’''ro'»  i'Vlijr<!ig  th»  t!<v)i«;nQ 

stsit:r.(.  Hpioa  ft.  ha:#  a»J^n.  as  iectijn  17.  ur.y  u-.e  i^iarail  we.^rits  pt  lii^r-.t  tuntiols 
All'  b«  conpoertO  and.  at  usual,  tit  retalurt  yveijnt  uf  tt  i  major  rotorcrjft  component  is 
Ot*ina<]  at 

d,,  -  (1.11) 

Tit  uaskC  data  reouirad  for  etlaolitrunq  temporal  and  rotorcralt  tiea  ralated  (bated  on 
maaimum  flying  grou  MeiyOtl  trersot  m  >s^  yariatiofltara  presented  in  Table  1.8. 

1  9.2  Temporal  Trends  in  It'y^  Ratios 

Relative  weigbtt  of  the  flight-control  group  ct  Doth  Western  rotorcraft  and  Soviet 
helicopters  ere  shoien  vs.  year  of  intrcduction  into  service  in  Fig.  1.17.  Looking  at  this  figure, 
the  follOMnng  trends  appear  to  emerge. 

The  optimal  boundary  for  SVestern  helicopters  suggests  a  potential  for  reduction  of 
hi'ff  values  with  the  progress  of  time.  However,  when  orte  examines  the  overall  distribution  of 
tiie  releiive  weight  points,  it  becomes  clear  that  the  temporal  deciease  in  the  level  was. 
on  tne  average,  much  smaller  than  could  be  anticipated  from  the  optimal  trend.  With  respect 
to  the  tilt  rotor  as  represented  by  the  XV  IS.  it  it  quite  clear  that  because  of  the  presence  of 
rotor-attitude  controls,  one  may  expact  much  higher  values  than  tor  conventional  heli¬ 
copters. 

•Vith  respect  to  Soviet  helicopters,  one  would  note  that  the  temporal  trend  is  similar 
to  that  of  their  Western  counterparts.  For  instance,  tna  Soviet  optimal  boundary  -  extended 
toward  IS>^  values  for  hypothetical  helicopters  -  seens  to  mdictie  both  an  actual  trend  and 
probably  a  conscious  effort  et  present  es  well  as  in  the  future  toward  reduction  uf  the  relative 
weight  of  flight  controls.  It  also  appears  that  in  spita  of  aihigh  is',^  level  tor  tie  existing  side-by- 
Side  helicopter  (Mil  V't2l.  they  hope  that  in  the  futunj  the  relative  weight  of  flight  controls 
for  the  sidfby  side  conliguretions  can  be  kept  basicaly.  on  the  unie  level  es  tor  the  tingle- 
rotor  configuretion. 

1  9.3  Trends  On  Maximum  Grots  •'•tights 

Reletive  weights  pi  the  flight  conuol  group  vs.  h o!  both  Weslern  rotorcralt  and 
Soviet  helicopters  ere  shown  m  Fig.  I.IU.  where  the  foliowinj^trendt  teem  to  emerge. 

With  reweet  to  Western  helicopters,  once  the  pvinitrepretenling  helicopters  with  little 
boosiirsg  ere  excluded,  there  eppeert  to  be  tittle  change  ni  nt  uptim.il  boundary  at  a  furicticn 
of  the  '1,^^  •aloes,  staying  close  to  the  •  4  »  level.  Tie  uvtrell  ditttibutio.n  of  the  it 
poinu  at  well  Ooes  not  lead  to  a  detection  of  any  citar  patten  uf  the  variation  in  iht  relative 
weight  of  the  fl'giit  controls  with  respect  to  Points  revctenting  the  tilt  rotor  rotorciaft 

indcete  thet.  et  elreedy  pointed  out  m  the  i>''-seding  subtecion.  the  is',^  velutt  tor  this  coo- 
fi^ration  art  rnore  man  two  %met  h'-jhee  H  an  lor  hclicopteriol  the  tarns  weight  clast. 
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RELATIVE  flight-control  GROUP  WEIGHT  ESTIMATES  (CONT'Dl 
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Relflivt  weight  trendt  of  fiight-control  group  vs.  grots  weight 


for  Soviet  helicopteri.  the  ootimil  boundary  (extended  toward  hypotbetiral  marhinej) 
■lio  appetrt.  at  in  tha  caw  of  Wettarn  halicoptert.  dote  to  the  <»  4%  value.  At  for  future 
trendt.  only  moderate  reductiont  in  relative  weiohtt  of  flight  controlt  are  expected.  It  it  inter- 
etting  to  note  that  timilar  levelt  of  H  fg  valuet  are  projected  tor  all  conf igurationt  (single-rotor, 
tIde-by-tide,  and  tandem),  in  tpite  of  the  fact  that  the  actual  relative  weight  of  the  (light  con¬ 
trolt  of  the  Mil  V- 1 2  tide-Oy-tioe  helicopter  it  well  above  those  tor  tingle-rotor  typet. 
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1  10.1  Contributiont  of  M«Jor  Compontnt  W*i>)htt  to  Rolorcrifi  W«ighl  Empty 


Th*  rtUtive  wtiqht-cmpty  of  a  rotorcraft  (tV',)  is  obviouily  the  sum  of  all  the  relative 
weiflhtt  of  ma|Or  components: 


,  +  W.  -^,+  W,,  +  W^.  +  W,.  +  Ifv,  +  y.‘  + 


*f'„  +  W„. 


The  first  seven  terms  on  the  right  side  of  Eq.  (1.12)  represent  relative  weights  of  com¬ 


ponents  whose  temporal  and  size-related  trends  were  discussed  in  this  chapter.  If', 


and  respectively,  arc  the  relative  weights  of  the  tail-rotor  group  and  propulsion  sub¬ 

systems,  andjthe  last  two  terms  indicate  the  contribution  of  ertgines  installed  (IV^/i)  >hd  fixed 
equipment  (If'^,). 


Trends  for  IV,,  and  wera  not  examinad  hera  because  their  contribution  to  the 


relative  weight-empty  it  small. 

The  contribution  of  the  engirtesis)  weight  to  weight-empty  were  quite  considerable  in 
the  past;  i.e.,  If',„  nr  0.094  for  the  H-21C  helicopter  of  the  early  fifties.  At  present,  for  heli¬ 
copters,  they  have  dropped  to  a  much  lower  level;  e.g.,  «  0.033  for  the  CH-470.  Conse¬ 

quently,  further  reductions  in  their  relative  weight  values  would  only  slightly  influence  the 
relative  empty  weight  ffowever,  for  other  rotorcraft  configurations  -  for  example,  tilt-rotors  - 
where  the  power  installed  per  pound  of  maximum  flying  weight  it  considerably  higher  than 
for  helicopters  of  the  tame  gross-weight  clast,  the  role  of  in  achieving  a  certain  level 
of  the  relative  weight-empty  may  be  more  important  Howevar,  examination  of  the  influence 
of  new  materiali  on  the  specific  e/igine  mvi^t  is  beyond  the  limitt  of  this  study. 

Fixed  equipment  (at  in  the  past)  represents  an  important  contribution  to  rotorcraft 
weight-empty  as  depicted  by  ">  0.076  for  the  H-21C,  and  Wf,  m  0.074  for  the  CH-47D. 
It  it  obvious,  hence,  that  a  reduction  in  Wf^  values  may  represent  a  significant  factor  in  re¬ 
ducing  the  relative  weight-empty  levels.  However,  an  investigation  of  possible  reductions  in 
Wf^  values  is  alto  outside  the  scope  of  this  study,  especially  in  view  of  the  fact  that  cutton  er 
requirements  probably  hat  a  stronger  influence  on  the  amount  and  type,  and  thus,  th  •  weight 
of  the  fixed  equipment  than  any  other  requirement.  Some  of  these  aspects  will  be  briefly  dis¬ 
cussed  later. 

Figure  1.19  was  prepared  in  order  to  permit  the  reader  to  ascertain  at  a  glance  the 
importance  of  various  major  component  weights  regarding  their  contribution  to  weight-empty 
and,  thus,  to  determine  where  the  largest  payoffs  in  reducing  is',  levels  can  be  achievetl  through 
tha  use  of  new  materials.  Hera,  relative  weights  representing  the  contemporary  state  of  the  art 
for  the  seven  major  helicopter  components  discussed  in  this  chapter  are  shown  in  the  order  of 
their  decreasing  values.  T  le  representative  relative  major  component  weights  wera  determined 
by  computing  their  average  values  for  the  Western  helicopters  appearing  within  the  1960  ±5 
limitt  in  figures  showing  tamporal  trertds  in  tha  relative  weights  of  components.  The  relative 
component  weight  values  corresponding  to  the  optimal  boundary  in  tha  eighties  are  also 
marked  in  this  figure.  This  should  give  the  reader  tome  idea  at  Bvthe  already  existing  poui- 
bilitiet  of  reducing  the  relative  weights  of  these  components. 


inial  reliliv*  v/eight*  of  major  componenii  for  Western  helicopters  of  the  eighties 


1.10.2  General  Remarkt 


The  usual  way  in  which  technology  progresses  is  by  minor  improvements  over  a  Ipng 
time  period,  plus  sudden  introduction  ol  iiujor  bivekihioughs.  The  >veit«hi'iedu>.tiun  piucess 
as  applied  to  rotorcraft  is  no  exception  to  this  rule,  where  the  appearance  of  new  high-strength 
materials  may  be  regarded  as  the  “breakthrough."  In  principle,  this  may  produce  a  substantial 
reduction  in  weight  However,  the  weight  reduction  may  be  “used  up"  in  meeting  such  require¬ 
ments  as  increased  life  anc  crashworthiness.  Also  because  of  the  lack  of  data  on  long-term 
field  service  life,  conservative  structural  design  is  likely  to  be  practiced,  resulting  in  less  weight 
reduction,  but  more  confidence  in  the  structural  integrity  of  the  component.  As  service  fife 
is  accumulated,  the  weight  may  be  reduced  by  redesign  if  the  economics  of  the  change  are 
favorable  to  the  customer  by  reducing  costs  and/or  increasing  payload  or  performance. 

General  comments  regarding  weight-reduction  aspects  of  the  major  rotorc'aft  com¬ 
ponents  discussed  in  this  chapter  will  be  given  below  in  the  tame  sequence  as  they  appear  in 
Figure  1.19.  But  there  it  one  area  which  is  difficult  to  assets;  namely,  the  weight  of  vibration 
reduction  devices  which,  in  tome  configurations,  may  represent  a  significant  contribution  to 
the  rotorcraft  weight-empty. 

1.10.3  Fuselage 

All  components  which  house  the  useful  load,  plus  those  that  carry  and  transfer  struc¬ 
tural  loads  are  included  here.  Thus,  this  category  includes  body,  wing,  tail,  and  tome  other 
items  Such  at  structural  firewalls  artd  equipment,  and  the  support  structure  that  may  not 
normally  be  included  in  the  above  three  groups. 

It  can  be  teen  from  Figure  1.19  that  the  fuselage  at  interpreted  here  represents  the 
largest  single  relative  weight  item  of  all  major  helicopter  components.  Consequently,  any 
significant  reduction  in  tha  Wf  leval  would  hava  a  considerable  effect  on  lowering  the  helicopter 
weight-empty  value.  However,  possible  gains  in  that  area  are  difficult  to  asset*,  for  different 
reasons,  but  there  are  two  in  particular.  The  first  is  comparative.  How  do  you  ;;uinpare  pro- 
jacted  savings.'  Typically,  this  is  done  vs.  an  all-rnet?l  comparable  vehicle,  but  the  truth  it  that 
we  can  not  do  a  good  job  of  estimating  an  all-matal  aircraft  for  the  following  reasons.  First, 
there  has  been  a  gradual,  but  persistent,  change  in  requirements,  plus  the  gradual  introduction 
of  composites  during  the  past  several  decades;  notably,  glass-fiber  for  secondary  structure  and, 
more  recently,  Kevlar  and  graphites.  The  second  reason  is  that  all-composite  structures  are  still 
in  the  early  stages  of  development.  It  remains  to  ha  teen  how  the  materials  end  their  protective 
coatings  will  hold  up  under  extreme  service  and  climatic  conditions  over  the  typical  airframe 
lifetime.  In  the  immediau  future,  it  may  be  expected  that  unknown  program  risks  may  be 
avoided  by  adding  extra  plies  of  materials,  etc.,  thus  tha  weight  savings  may  not  reach  esti¬ 
mates  based  exclusively  on  strength-weight  considerations. 

Tha  use  of  new  analytical  methods  should  better  enable  assessment  of  composite 
weights:  particularly  since  wo  are  beginning  to  accumulate  data  from  recent  and  current  com- 
posita  aircraft  programs  such  as  ACAP.  In  the  future,  we  can  expect  design  techniques  that 
better  integrate  equipment,  systems,  and  structures,  including  the  impact  of  military  require¬ 
ments  -  all  relying  on  CAO/CAM  plus  dau  bases. 

The  impact  of  detectability,  crashworthiness,  battle  damage  tolerance,  etc.,  are  diffi¬ 
cult  to  assess,  particularly  when  compared  to  an  all-metal  design,  since  the  all-metal  design 
should  include  all  of  the  special  features  to  the  tame  standards  at  those  of  the  composite  tttuc- 
tura.  Nevarthalett,  judging  from  Figure  1.7,  one  may  expect  that  the  temporal  trend  of  de¬ 
creasing  U'f  values  with  time  will  continue  in  the  future. 
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1.10.4  UiiveSyttem 

The  relative  weigrtt  of  the  drive  svttem,  averaging  about  7  6  percent  for  Western  heli- 
copters  (Figure  1.19)  artd  more  for  the  tilt-rotor,  represents  the  second  largest  contribution 
to  relative  weight-empty.  Hence,  here,  as  in  the  preceding  case,  radiicbons  in  lt'’,y,  values  consti¬ 
tute  a  potential  for  lower  <»',  levels.  Therefore,  it  is  important  to  Know  the  factors  that  have 
an  influence  on  the  relativa  driva-system  weight  In  this  analysis,  it  may  be  convenient  to 
focus  one's  attention  on  shafts  and  gearboxes.  However,  there  is  one  item  that  is  common  to 
both;  namely,  bearings,  as  they  considerably  contribute  to  the  drivc-tystem  weight  Unfor¬ 
tunately,  weight  increases  rather  than  reductions,  can  be  expected  in  the  future  along  with 
the  trend  toward  longer  service  life  requirements.  This  is  due  to  the  fact  that  bearing  si?e  and 
weight  are  a  function  of  their  life  to  an  exponent  that  is  larger  than  unity.  Only  minor  improve¬ 
ments  in  bearing  technology  can  be  expected  to  offset  that  trend  within  the  next  several  years. 

With  respect  to  shafu,  the  use  of  drive  shafting  running  at  supercritical  speed  can  sub¬ 
stantially  reduce  the  weight  of  long  shafts;  mainly,  by  eliminating  some  of  the  couplings  and 
baarings  that  usually  comprise  the  larger  share  of  the  shaft  weight  Additional  weight  may  be 
saved  by  using  composite  adapters.  Thus,  overall  savings  in  shaft  weights  may  be  expected  on 
the  order  of  20  to  40  percent  when  compared  with  meui  shafting  running  at  subcritical  speeds*. 

Due  to  manufacturing  constraints,  the  minimum  composite  tube  wall  for  a  shaft  is 
about  0.080  to  0.10  inches  thick.  This  minimum  thickness  impacu  the  weight  as  follows: 
obviously,  for  low-torque  shafts,  the  tube  will  be  over  strength,  since  low  torque  is  associated 
with  small  tube  diameters,  but  with  over-strength  and  stiffer  tubes,  the  distance  between 
bearings  may  be  increased  and,  for  a  long  shaft  run,  a  bearing  support  and  coupling  set  may 
possibly  be  removed.  However,  this  is  not  as  efficient  as  increasing  the  diameter-to-tube  wall 
thickness  (d/f)  ratio  where  stiffness  is  desired. 

Consideration  of  battle  damage  usually  results  in  a  tube  d'.vneter  of  about  4.S  inches. 
The  combination  of  a  4.S-inch  diamater  tube  plus  a  givan  wall  thickness  of  0.060  as  a  minimum 
will  dictate  the  weight  of  the  tubing  run  for  small  helicopters.  The  diaft  rotational  speed  may 
affect  the  number  of  couplings  required  for  long  shaft  runs. 

For  4.5-inch  aluminum  tubes,  the  minimum  wall  thickness  is  approximately  0.060 
inches;  thus,  it  can  bo  seen  that  the  composite  tube  will  be  lighter  than  that  of  aluminum, 
since  the  density  ratio  f avon  the  composite  by  almost  2  to  1 . 

It  may  be  of  interest  to  point  out  that  for  large  helicopters,  the  tube  diameter  will 
usually  exceed  the  4.5-inch  diameter.  It  can  be  shown  that  for  long  shafting  runs,  tha  weight 
it  primarily  determined  by  the  distaiKo  between  bearing  supports  (critical  length).  Critical 
length  may  be  approximated  by  C(F’’^/iV*^),  where  F  it  power,  M  is  rpm,  and  C  it  8.4  for 
metals  and  12.0  for  graphin.  In  general,  the  roughly  estimated  weight  of  tha  proper  composite 
shafts  amounts  to  about  70%  of  that  of  aluminum  and,  in  addition,  the  number  of  bearings  and 
couplings  may  alto  be  reduced  (because  of  the  longer  critical  length)  to  70%  of  that  for  metal. 
Thus,  the  total  weight  of  tre  long-run  composite  tube  shafting  may  be  approximately  0.7%  of 
that  of  tha  metal  type. 

Trends  in  the  weights  of  rotor  shafts  are  difficult  to  assess  dbe  to  the  need  of  mating 
COmpositas  to  metals  at  each  end  of  the  shaft,  which  would  probably  be  required  in  currently 
envisioned  applications.  If  the  shaft  is  relatively  short  (as  is  usually  the  case),  a  weight  increase 
will  likaly  result,  while  the  converse  would  be  expected  in  a  long  shaft.  If  the  typical  planetary 
carrier  it  made  of  composite  and  integrated  with  the  shaft,  then  a  uvingt  estimated  to  be  on 
the  order  of  20  percent  may  be  made  on  the  combined  carnar  and  shaft  weight. 


Fc:u(ing  unc's  attention  on  gearboxes,  it  may  be  expected  that  they  .vill  have  catinj: 
made  of  composites,  with  an  attendant  weight  saving  of  2  to  S  percent.  Ref.  7  gives  a  good 
insight  into  this  technological  development. 

Lubrication  systems  for  gearboxes  have  not  been  investigated  as  seriously  as  other  drive- 
system  components.  There  are  two  heavy  components  in  this  system:  blower  and  cooler.  Other 
than  tha  use  of  composites  in  the  blower,  little  can  be  done  to  save  weight  since  the  cooler  must 
basically  transfer  heat,  and  this  is  better  done  with  metals,  which  brings  up  the  following  ques¬ 
tion.  Will  the  loss  of  heat  rejection  of  a  composite  vs.  a  metal  gearbox  cate  result  in  a  cooler 
size  increase,  which  would  negate  tha  weight  saved  by  the  comtsositc  cate?  For  small  boxes, 
this  wilt  probably  be  true. 

The  remaining  components  of  the  drive  system  are  the  rotor  brake  and  clutches.  Rotor- 
brake  technology  it  similar  to  that  for  landing  gears,  since  they  both  transfer  large  amounts  of 
kinetic  energy  rapidly  into  heat.  No  significant  weight  Mvingt  are  projected  here.  Clutches  are 
of  two  main  types:  over-running,  which  are  usually  inside  a  gearbox  and  require  no  controls; 
and  engaging  clutches,  which  are  usually  remote  control  external  devices.  This  type  it  seldom 
used,  but  when  it  it  used,  it  can  be  quite  heavy;  thus,  it  it  a  candidate  for  weight-reduction, 
although  there  it  no  known  specific  program  at  this  time. 

1.10.5  Blades 

Lifting  blades  represent  the  third  major  componant  (tee  Fig.  1.1B)  at  far  as  its  contribu¬ 
tion  to  helicopter  weight-empty  it  concerned.  However,  with  rv  4  percent,  this  contri¬ 

bution  it  much  smaller  than  those  of  the  fuselage  and  drive  system.  Furthermore,  in  rotor- 
blade  design,  the  promise  of  weight  reduction  it  not  clear  for  the  following  reasons.  First, 
autorotation  capability  and  coning  requirements  may  dictate  blade  mats  (tee  Appendix  A), 
autorotation  capability  and  coning  requirements  may  dictate  blade  matt  (see  Appendix  to 
Ch.  2).  Second,  natural  frequency  it  a  significant  driver  of  both  structural  weight  (El  required) 
and  weights  required  for  mats  distribution.  In  addition,  blade  strike,  service  life,  battlle  damage, 
thus  negrung  weight  saved  by  elegant  design  solutions  using  advanced  materials. 

However,  the  use  of  advanced  materials  (chiefly  cr'mposiics)  may  result  in  preventing 
weight  increases,  which  should  be  considered  of  equal  value  to  a  weighedecrease. 

One  area  where  weight  can  be,  and  sometimes  it,  reduced  isacttie  blade  root  where  the 
blade  is  atuched  to  the  hub.  Since  the  attachment  it  usually  to  fariisttoard,  it  does  not  have  a 
significant  impact  on  autorotation  capability.  Ideally,  new  blade  daegns  will  have  root  ends, 
which  consist  of  ss>ar  fibers  continuing  around  a  small  sleeve;  thus  eiininating  a  separate  and 
heavy  root  attachment  fitting.  Perhaps  tha  flexure  part  of  a  simple  tub  can  be  integrated  into 
tha  root  end. 

In  spite  of  all  the  constraints  regarding  possibilities  of  makhg  rotr^rcraft  blades  rela¬ 
tively  lighter.  Figure  1.3  suggests  that  some  progre<t  toward  loweringthe  values  have  been 
made  through  the  years. 

1.10.6  Flight  Controls 

The  relative  contribution  of  the  weight  of  the  flight-control  system  to  the  helicopter 
weight-empty  is,  on  the  average,  similar  to  that  of  the  lifting  blades  (atasut  3.B  percent  as  shown 
in  Figure  1.19).  As  far  as  conventional  controls  (mechanical  linkages  hydraulic  boosters,  and 
classical  swashplatcs)  are  corcerned,  continuation  of  tha  present  trnd  indicated  in  Fig.  1.17 
may  be  expected.  Which  meant  that,  looking  at  tha  overall  dittributiin  of  points,  only  a  slight 
reduction  in  values  can  be  expected,  although  tha  optimal  bounlaries  in  Figures  1.17  and 
1.19  suggest  more  spectacular  possibilities. 


However,  the  edvent  of  "fly-by-wire"  (F&W>  and  "fly^by-optict  '  {t^ttOI  flignt  control 
tyttems  plus  the  use  of  digital  rnicroprocettors,  as  well  as  the  inclusion  of  automatic  flight, 
stability  and  flight-patn  control  in  future  systems  nas  resulted  in  a  potential  tor  weight  reduc¬ 
tions.  There  it  also  the  possibility  that  further  weight  reductions  may  be  achieved  through  the 
use  of  composites  for  cockpit  controls,  control  actuators,  rods,  and  cranks.  In  view  of  the  rapid 
Changes  occurring  in  this  area,  it  is  difficult  at  this  time  to  compare  the  overall  impact  of  these 
new  types  of  controls  with  the  hydromechanical  system,  which  will  probebly  not  be  used  on 
future  military  aircraft.  When  actual  production  hardware  of  the  FBW  and  FBO  type  is  de¬ 
veloped  and  tested,  a  meaningful  assessment  of  weight  changes  can  be  made. 

1.10.7  Hubs  and  Hinges 

The  relative  weight  contributions  of  hubs  and  hinges  to  et  **  3.5%  are  quite 
similar  to  those  of  the  lifting  blades  and  flight  controls.  Consequently,  reduction  in  the  rela¬ 
tive  weights  of  hubs  end  hinges  are  equally  important. 

Beginning  in  the  1970't.  the  temporal  trertd  of  the  relative  hub  weights  given  in  Figure 
1.S  shows  a  noticeable  improvement  in  levels.  The  introduction  of  titanium  hubs  resulted  in 
a  substantial  weight  reduction  for  e  specific  design  application.  This  is  clearly  shown  by  the 
1966  and  1972  points,  where  the  upper  points  correspond  to  steel,  while  the  lower  ones  corre¬ 
spond  to  titanium  hubs  for  the  same  helicopters.  Unfortunately,  primarily  because  of  the  targe 
variations  in  hub  configurations  and  design  requirements,  the  weight-reduction  effect  of  ti¬ 
tanium  hubs  is  largely  lost  in  the  scatter  of  the  trend. 

The  introduction  of  advanced  composite  materials  has  resulted  in  tome  dramatic  weight 
reductions,  even  for  the  tame  helicopters  (note  the  points  corresponding  to  the  10,000  and 
73,S0O-lb  gross  weights  in  Figure  1.6).  But  these  gains  are  particularly  remarkable  where  new 
simplified  hub  concepts  have  been  applied.  The  structural  properties  of  the  advanced  composite 
•Ttaterlalt  have,  in  large  measure,  contributad  to  these  new  concepts.  Aeroipetiele  hui;  designs 
show  tpectacj'ir  echievemenu  in  weight  reduci'on  (tee  Figure  6  of  Ref.  8).  It  remains  to  be 
teen  if  this  improvement  can  be  applied  throughout  all  tiza  ranges  of  htlicoptert. 

With  respect  to  Soviet  hypothetical  helicopters  (Figure  1.6),  it  it  of  interest  to  note  the 
range  of  hub-to-gross-weight  ratios.  The  points  for  a  52  metric-ton  helicopter  of  single-rotor, 
tandem,  and  tide-by-side  configurations  are  puzzling  et  to  why  suen  a  large  variation  exists 
between  the  side-by-side  and  the  tandem,  which  are  both  similar  in  concept  except  for  orienta¬ 
tion  of  the  twin  rotors. 

'  It  was  expected  that  the  teeter-rotor  hubs  would  be  lighter  then  articulated  rotor 
hubs,  but  this  it  not  true  in  general,  although  the  mora  recant  hubs  are  at  tht  bottom  edge  of 
the  total  population. 

The  main  conclusions  to  be  drawn  at  this  lima  are  that  there  is  e  gradual  decline  in 
the  hub  waight-to-grot$-weight  ratio  with  time,  and  that  simplified  hub  concepts  plus  the  use  of 
advanced  composite  materials  will  result  in  a  significant  reduction  of  the  weight  ratio  especially 
in  small  htlicopters  and  likely,  in  medium-size  helicopters  tiso.  Further  work  may  be  required 
to  determine  the  feasibility  of  applying  these  same  concepts  and  materials  to  larger  helicopters, 
and  Investigating  whethtr  similar  weight-ratio  rtductions  as  thoss  of  tha  small  htlicopters  can 
be  obtained. 

Matarialt  other  than  advanced  composites  may  also  ba  developed  that  will  enable  the 
hub  ratio  trend  in  general  to  proceed  along  or  near  tha  iV^  «  0.02  values  in  the  future.  Cooking 
at  Figure  1.6,  it  should  be  noted  that  Wf,  values  for  the  tilt-rotor  are  at  the  optimal  boundary. 


1.10.8  Landing  Geari 


On*  can  m*  from  Figure  1.19  that  the  relative  weight  of  the  landing  geari  may  range 
from  about  3%  for  the  letracuble  type  to  as  low  as  11/^  ^  1.0%  lor  sk.Js.  lor  tueJ  type 
landing  gears,  the  relative  weights  for  contemporary  heiicopters  is  equal  to  about  2%.  For 
crefse-type  helicopters,  IV, ^  values  at  high  as  4  3  m  6  may  be  expected  IF'gure  1  9)  Conse¬ 
quently,  the  potential  contriuution  of  lower  »S/p  levels  to  relative  weight-empty  would  be 
governed  by  the  type  of  landing  gear. 

At  far  at  possibilities  of  reducing  relative  landing-gear  weights  in  general  are  concerned, 
advanced  high-strength  mater.als  should  contribute  to  that  process,  since  a  contioerable  portion 
of  the  landing-gear  weight  consists  of  lead-carrying  alemantt  which  can  be  made  lighter  using 
materielt  with  better  weight-strength  charecteristics. 

The  trend  curves  depicted  in  Figures  1.9  and  1.10,  end  the  bar  grapns  shown  in  Figure 
1.19  teem  to  clearly  indicate  a  possibility  for  th«  use  of  relatively  light  retractable  landing  gears 
for  helicopters,  where  a  large  difference  between  average  and  optimal  tV/g  values  have  already 
been  demonstrated. 

Although  there  are  no  similar  major  differahcet  between  optimal  and  average  Wig 
levels  for  fixed  landing  gears,  the  temporal  trend  of  Figure  1.9  indicates  a  steady  decline  in  Wig 
values  with  time.  However,  no  such  trend  teems  to  exist  at  far  at  skids  are  concerned  -  here, 
the  Wig  level  appears  constant  through  the  years. 

1.10.9  Fuel  System 

It  can  ba  teen  from  Figure  1.19  that  the  average  relativ  ..ystem  weight  for  Western 
helicopters  of  the  eighties  amounts  to  about  1.6%,  while  the  optimal  level  is  about  1  %.  How¬ 
ever,  at  can  be  noted  from  Figures  1.16  and  1.16,  large  deviations  up  from  the  average  values 
ere  encountered,  especially  for  military  helicopters,  where  the  crashworthiness  and  self-seeling 
requirements  ere  iiK  orporated  (see  Section  1.8).  It  is  obvious  that  under  these  conditions,  the 
Wf,  contribution  to  «n*  relative  weight-empty  of  a  rotorcraft  may  not  be  negligible. 

In  view  of  the  uncertainties  regarding  safety  requirements,  it  is  somewhat  difficult 
to  ascertain  the  influence  of  new  materielt  (not  only  structural,  but  alto  scalers)  on  the  relative 
weight  of  the  fuel  system.  Nevertheless,  it  mey  be  stated  in  general  that  atihough  the  MVy  values 
of  future  rotorcraft  may  rise,  these  increases  would  not  be  as  high  as  they  would  have  been 
without  proper  application  of  these  new  materials  (both  structural  and  nonstructurat). 

1.10. 10  Major  Rotorcraft  Components  Not  investigated  in  this  Chapter 

A  glance  at  F  igure  1.19  indicates  that  of  the  four  major  components  not  investigated  in 
this  chapter,  the  fixed  equipment  consisting  of  the  following  represents  the  highest  relative 
weight  value: 

instrument  and  navigation  group 
hydraulics  and  pneumatic  group 
electrical  group 
elactronict  group 

armaments  (including  gunfire  protection) 
furnishings  end  equipment  group 
airconditioning  end  anti-icing  equipment 
loading  and  handling  equipment 
avionics. 


It  it  obviout  that  any  approciabte  changa  in  the  irt,  =*  7  S%  level  would  exert  an  im- 
i>oitant  influence  on  the  rotorc/eft  ieUti>e  .vci,ht-<..iiptv  liyuia.  Ui.'  ;:u>i«teir,  except  lur 
stating  a  truism  that  it  it  desirable  to  make  the  iW,  at  low  at  p'-.itible,  little  cite-  can  be  said 
regarding  the  potiible  influence  of  aditnced  techn-ip  gy  fnaleriali  on  reductions  m  11'/*  ^alut 
Furthermore,  it  should  be  rememoereo  that  the  amount  ul  fixed  equipment  on  a  rotorcrait  is, 
to  a  large  extent,  dictated  by  the  customer.  In  many  cates,  tint  involve'  selection  of  "off-the- 
shelf"  hardware  that  hat  been  oualified  to  MIL  Standards  and  thus,  there  it  a  reluctarKe  to 
change  it,  di.e  to  cost  impact.  Howtver,  tome  of  the  items  could  be  reduced  nr  weight  b*,’  simple 
rcdeiipn  of  cases,  r.Kkt,  and  plugs.  This  is  particularly  true  of  the  avionics  group,  plu<  some 
electrical  items. 

rtecently,  there  hit  been  more  emphttit  placed  on  the  reduction  of  vendor-supplied 
item  weights.  It  is  expected  that  this  emphasis,  plus  soma  timely  contracts,  will  result  in  sub¬ 
stantial  raductiont  in  the  weights  of  tome  fixed  equipment.  For  example,  why  not  integrate  the 
equipment  cete  with  supports?  In  tome  instances,  this  may  be  achieved  with  good  results. 

With  respect  to  the  relative  weight  trends  of  the  opitr  three  majer  aircraft  components 
not  discussed  in  any  detail  in  this  chapter,  engines  deserve  a  separate  study  which  would  go 
beyorfd  the  iVgn  «tp*ctt  to  include  such  topics  at  specific  fuel  consumption  and  others. 

In  spite  of  the  fact  that  the  propulsion  subsystem  at  «  0.7S%  represents  next  to 
the  lowest  relative  weight  of  major  cc  nponents  (Figure  t.10|,  it  should  not  be  excluded  from 
an  effort  to  further  reduce  the  level.  In  this  'etpect,  one  could  find  that  new  materials 
(both  structural  iiid  nonttructural)  might  contribute  to  a  relatively  lighter  propulsion  sub¬ 
system. 

At  to  the  last  item  in  Figure  1.10,  namely,  the  tail-rotcr  group,  one  may  state  that  here, 
alto,  potential  adventeges  offered  by  advanced  technology  meterielt  toward  reduction  in 
values  should  not  be  overlooked.  This,  in  «pite  of  the  feet  that  small  variations  from  the  average 
level  of  tVff  ta  0.6%  wculd  have  little  influence  on  the  overall  relative  weight.empty  values. 
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tha  componanti  T''.a  aoproactt  anoold  proiiiiaa  an  important  part  of  tna  foundation  for  mvaatr 
gating  tfta  m.luaitca  of  tna  aooncaiton  of  naw  arfvancad  matmaH  to  tnoaa  comr'manta,  and 
fpracaatinf  tnair  impact  on  tna  it,  lavai  cf  ’urara  rotorcrift 

Tarr.porai  tranoa  and  ;rc>aa-waigr>t  ciasa  cilecticn  reiatme  v-aignta  are  grapnicallv  prc- 
aartad  artd  CiaCuaaaO  for  tna  following  maiur  componcnta  of  Weatarn  and  $o>  at  heiiCdptera; 
(1)  main-rotor  biaoaa.  12)  huba  and  hmgat.  (31  fuaalagai.  (4)  lanJif’P  gears,  (5)  drwa  tystam, 
(61  fual  tyatam,  and  (7|  flight-control  group.  For  varaout  racsoni  cxplainad  in  tha  taxt,  tha 
ramaining  four  major  comportants;  namaly,  la)  fixad  aguipmant,  IP)  angmea,  (c)  propulsion 
aubtyatama.  and  ioi  tail-rotor  ^oup.  ara  only  onafly  fliaciaad  hare. 

Unfortunataly.  with  reapact  to  tha  componarrei  jiacuasad  in  detail  in  this  chapiar, 
soma  intaraating  data,  for  inauftca,  that  talatad  to  hel«Eiptar’  components  made  of  naw  ad- 
varKed  compoaita  matarialt,  at  wall  at  nonhaiicopter  muoruaft  componantt,  could  not  be 
included  in  this  study  because  of  propnatary  aapacta. 

Alto,  f-gu'at  regarding  component  waiynta  of  cuntenporary  Soviet  halicopttri  ware 
not  availabla  to  this  invattigator.  However,  to  companaata  fortnit  drawback,  all  trend  figures 
in  thii  chapter  are  reproduced  on  a  aufticitntty  large  scala-rt-  to  enable  tna  reader  who  hat 
accaaa  .o  the  mitting  data,  or  wants  to  initiate  hit  or  her  own  proicction  of  a  component 
weight  could  plot  poma  repretenting  that  additional  infomation.  In  thii  way.  at  well  at 
by  adding  points  repretenting  rlata  which  may  become  evaiUaic  to  tnt  public  domain  in  the 
fubire,  t>iit  chapter  could  bacerne  a  "living  document.’' 

It  it  believed  that  tha  currant  trend  grapha,  baaed  on  a'^ida-at-practical'  aiatiaticai  basis, 
could  be  of  reel  haip  in  the  lollowirtg  araea-  (a)  development  ofraalittic  reouirementt  and  apaci- 
ficationt  tor  new  rotorcratt,  (2)  judgement  of  tha  'good.'.aaa'ot  a  maior  component  from  tha 
point  of  view  of  weight  in  new  datignt.  and  |c)  talaction  of  lie  most  'prolitable  areas’  ai  tar  ai 
reduction  of  rotorcratt  relative  weight  empty  la  concarnad,  aid  then  channeling  reaaaich  and 
davalopmant  attorta  in  that  direction. 


CHAPTER  ? 


influence  of  material  characteristics  on  weights 

Ur  STHuCTUHALELtMbNTS 


2.1  Introduction 

In  order  to  cveluett  the  impact  of  advanced  ttructural  materiali  on  weights  of  major 
helicopter  components,  the  lelationships  between  the  weight  of  simple  structural  elements, 
venous  loading  modes,  and  principal  characteristics  of  various  materials  must  be  reviewed 
first  Once  this  tash  is  accomplished,  one  can  proceed  toward  forecasting  variations  in  the  rela¬ 
tive  weights  of  the  major  rotorcraft  components  by  singling  out  the  type  of  loading  (tension, 
comprastion.  torsion,  elastic  deformation,  etc.),  acting  on  the  most  important  ttructural  ele¬ 
ments  of  the  considered  component  In  this  analysis,  ona  should  ramember  that  structural 
elements  of  ell  rotorcraft  are  usually  subjected  to  repeating  loads  of  various  frequencies 
throughout  the  otieratiorul  life  of  the  aircraft  Thus,  tha  magnitude  of  the  total  number  of 
cycles  would  be  influenced,  among  Olivers,  by  the  following  three  major  parameters:  (II  in¬ 
tended  operational  life.  (2)  type  and  site  of  aircraft,  and  (3)  mode  (also  known  at  profile)  of 
typical  operationv  Consequently,  all  three  aspects  mutt  be  somehow  reflected  in  the  ralation- 
ship  between  the  principal  material  characteristics  and  the  weight  of  the  component 

With  respect  to  the  presentation  of  the  influence  of  new  materials  on  the  component 
weight  it  appears  that  one  of  the  most  suiuble  methods  would  be  (because  of  the  clarity  in 
showing  its  relationship  to  the  reletive  weight-empty  of  the  rotorcraft)  to  establish  the  ratio  of 
the  reletive  weight  of  e  mejor  component  febricated  from  advanced  matenals  to  that  of  the 
corresponding  component  fabricated  from  traditional  materials.  In  other  words,  the  "tradi- 
tioner*  comsionent  would  serve  at  a  baseline  for  measuring  the  actual  or  potential  prugrets 
in  structural  weight  reduction  through  the  application  ot  advanced  materials. 

The  above-mentioned  aspects  are  discussed  in  tome  detail  in  this  chapter.  In  those 
cases  where,  because  of  time  and  budgetary  limitations,  the  investigation  can  not  be  carried  to 
tha  desired  depth,  their  direction  is,  at  leasL  outlined,  which  should  help  future  students  of 
this  subjecL 

2  2  Weight  Effectiveness  Indices 

Tension.  Assuming  that  an  element  of  unit  length  (/  •  t)  made  of  material  n  is  sub¬ 
jected  to  e  tensile  load  of  T  lb  (Figure  2.1),  the  weight  of  the  element  would  obvioupy  be 

If,  -  t  X  (r/},)7„  (2.1) 

where  tf  is  the  permissible  stress  m  Ib/in*  li  e..  irKluding  all  the  applicable  safety  factors)  corre¬ 
sponding  to  the  assumed  mode  of  loading  (e.g.,  either  static,  or  recurring  na  many  times  during 
the  assumed  life-span  of  the  component),  anu  is  the  specific  weight  (iii  I  of  the  struc¬ 
tural  material. 

One  can  tee  from  Eq.  (2.1)  that  for  T  •  const,  the  weight  per  unit  length  of  the  ele¬ 
ment  will  be  proportional  to  the  quentuy 


In  eonwttt.  o'*  miy  My  of  !li«  t'fmyrt  *yl!l  b«  prcpoft  cril  to  V'» 

rtciprocal  of  Eq.  (2.21.  i.*., 

whicfi  e*n  tKi«  tm  esi  <1  M*  nttttfiol  mdn  m  ttn$ton 

Furtn«r  axomi  >  itQ  £q.  (2.2«>,  on*  would  not*  tn«l  th*  rttio  on  tht  tiynt  tide  of  th« 
equation  Rm  Ci*  dim*  .  on  of  lenqtn,  wtiicn  can  ba  murprated  n  a  length  m  inchet  of  a  ribbon 
or  road  having  a  coniiant  cron-tection  which,  when  nung  varttcaily  from  tome  kind  of  aupport, 
will  produce  the  parmii.iUe  tentile  tueu  in  the  uppermost  section  of  that  ribbon  or  r-isp.  For 
instartca,  for  steel  (1  „  *  0.283  ltx/in*t  having  an  ultimate  tensile  strength  of  s,  '  100,000 
Ib.in^,  the  weigntetfectivensss  index  would  amount  to  n,,)',  *  673.760  in.  Such  a  length  ex¬ 
pressed  in  inches  is  rather  difficult  to  visualite.  Thus,  in  order  to  provide  the  reader  with  a 
quantity  more  easily  comprehended,  it  is  proposed  that  the  weight-effectiveness  index  for  the 
ease  of  tension  be  redefined,  and  expressed  in  feat  instead  of  inches. 


Figure  2.1  Scheme  of  loading  in  pure  tension 
Contoquently,  Eq.  (2.2al  It  rewritten  at 

(2.3) 

Then,  for  the  previously  considered  case  of  the  ultimata  snevgih  of  steel,  the  weight 
effect! vertets  index  would  be  6C.146  ft. 

Compression.  The  same  reasoning  as  in  the  preceding  cate  can  be  applied  to  compreuion, 
and  the  weight’etfactiveness  index  can  be  expressed  (in  Itet)  as  tollowc 

■  *«'«’27„I.  (2.41 

wtMro  Sg  is  the  oompression  ttreu  allowable  for  the  considered  mode  af  loading.  The  numerical 
valjs  of  (f;„)^  can  bo  imagined  now  at  s  height  (fti  of  a  vertical  cdtimn  of  a  uniform  cross- 
section  made  of  the  considered  material  which,  under  its  own  weigit,  would  produce  the 
allowable  compreuive  tvess  at  the  cross-ieciion  at  the  uaie  of  the  colunn. 

Bending.  In  order  to  develop  wsight-elloctivencst  indices  in  bwidiiv).  two  very  simple 
models  of  beams  are  conudered.  In  the  first  cate,  it  is  assumed  thir  the  beam  contutt  of  a 
relatively  thin  wailed  cylinder,  where  ihickneu  (  <  </  it  un.lorm  tor  thawhoie  cylinder  having  a 
mean  dienseter  of  U  (Fig.  2  Jit)). 


— •  e  «  1  »• 


U)  (b) 

Figurt  2^  Sehtttm  of  bum  crou-ttctiont 


In  th«  Mcond  uM.  tfm  bum  croM-iaction  it  •>' jmtd  to  contitt  of  two  (agoin,  rtlativcly 
thin)  flangM  U,  tnd  tg  <h),  mad*  of  lutarial  for  which  •  w*ight«fftctivtf> u  mdax  hM  to 
ba  aitablithad,  and  i«  connactad  by  two  “waightlaM"  waba. 

VVaight  par  unit  length  of  tha  cylindar  can  ba  axpreuad  at 

(2.5) 


'»eyr 


*dt1„ 


whara  thicknau  t  can  ba  found  aa  followi:  Undar  tha  r  <  d  condition,  tha  taction  modulus 
for  tha  crotataction  can  ba  axprattad  at 

«  »d*r/4  (2.61 


and  thus  for  tha  banding  momant  Mg.  tha  corratponding  ttraai  woul  J  amount  to 

So  ■  *Mglna*t 


t  ■  4Mgfwd*S^. 


(2.7) 


Subttituting  Eq.  (2.7)  into  Eq.  (2.5).  ono  obtaint 


(2.S) 


It  can  bo  toon  from  Eq.  (2.8)  that  aaauming  Mgm  const  and  li  ■  const,  tha  waight  of  tha  structure 
would  ba  proportioul  to  tha  (7„/Sfcl  ratio  and  thus,  tu  "lightnass"  would  0«pand  on  tha  in- 
varsa  of  that  ratio.  Hanoa,  as  in  tha  uses  of  tension  and  comprauion,  at  wall  at  in  bending  of 
ralativaly  thin-wallad  beams  having  a  circular  taction,  tha  l»e/7„)  ratio  can  also  ba  considarad 
at  an  index  of  lightnass. 

In  tha  cata  of  a  two-flanga  beam,  let  it  ba  atsumad  that  either  flange  can  work  in  tension 
or  compression.  Contaquantiy,  tha  thickness  (f)  of  tha  lower  and  upper  flanges  will  ba  atsumad 
to  ba  tha  same  (tu  Fig.  :.2b).  Tha  weight  par  unit-length  of  such  a  unit-wide  beam  now 
bacomw 


"ir/ 


-  2f7„- 


(2.9) 


Assuming  that  moment  M  can  generate  cither  a  lantila  force  ID  or  a  comprestion  force 
(C)  teting  on  tha  flanges,  tha  abtoluta  magnitude  of  theta  forces  can  ba  expressed  as 
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ami,  in  turn. 


f  -  (2;11) 

whtra  it  it  tha  tllowabla  itratt  in  tha  attumad  moda  of  bandMi.  Subttituting  Eq.  (2.1 1)  into 
Eq.  (2.0),  ona  obuint 

(2.12) 

it  can  ba  taan  from  Eq.  (2.12)  that,  timilar  to  Eq.  (2.8)  atwn  both  M  and  h  ara  conttant, 
tha  vMight  of  tha  two-f)anga  baam  it  proportional  to  tha  tT*/**)  ratio.  Thui,  tha  rveignt- 
affactivanatt  inoaa  of  matarial  in  banding  can  ba  daf  inad  in  tha  cata  of  tention  and  comprettion 

at 


-  ia/(12T«». 

Elattic  Buckling.  Tha  influanca  of  matarial  propartiat  on  tha  vMight  of  ttructural  ala- 
mantt  datignad  for  alattic  buckling  it  axaminad  b-/  contidaring  dtit  moda  of  deformation  for  a 
ttrut  of  length  I  with  a  circular  crott*taction  and  a  relatively  tmaN  wait  thicknata  in  compariton 
with  tiM  diameter  (r  <  d ).  Tha  rod  it  parmittad  to  buckle  at  a  conprettive  force  Pg.  Fig.  2.2a, 
pravloutly  utad  for  bending  contidarabont,  can  alto  bo  applied  to  dw  pretent  cate.  At  a  retult 
of  thii  attumption,  tiM  weight  par  unit  length  can  ba  expretied  (at  in  tha  cate  of  bending)  by 
Eq.  (2.S).  However,  the  wail  thicknau  will  now  ba  governed  by  Eiabr't  formula  for  a  buckling 
load. 

Pt  -  »*£//!*  (2. 14) 

where  Pt  it  tha  Eular  buckling  load,  £  it  tha  modulut  of  elatticitv,  f « tha  tactlonal  moment  of 
inertia  about  the  dLmatar,  and  /  it  the  langth  of  tha  strut. 

For  tha  atwmad  crott-toction  charactarittict,  /  can  ba  written  aa 

/  -  (*/8)rd*.  (2.16) 

Subttituting  Eq.  (2. 1  j)  into  Eq.  (2.14)  and  solving  for  t,  wo  haaa 

f  -  {9lM*)P,t*ld*£.  (2.16) 

Substituting,  in  turn,  Eq.  (2.16 )  into  Eq.  (2.5),  wa  ob*aintho  weight  par  unit  langtit 
in  tha  caia  of  buckling 

l^a*  ■  (8/eV,/’7/d’f.  (2.17) 

One  can  lao  tliat  attuming  that  Pt  *  const,  /  •  const,  and  </  >  const,  tha  unit  weight 
of  tTa  strut  it  proportional  to  tha  (7/f)  ratio.  Th js,  at  in  the  prevous  catet,  it  may  ba  stated 
that  Its  "llghtnats"  It  governed  by  the  (£/»  ratio.  Agiin,  at  brfoia.the  dimension  of  this  retio 
it  length  which  again,  can  bo  axprotsad  in  feat,  thus,  tha  waig-it-rfbctivenau  in  strut  buckling 
can  be  detuMd  at 


ntt  -  £/’27.  (2  18) 

wliera  the  modulus  of  elasticity  £  it  given  in  psi.  and  the  specif ic  vuight  of  the  mateti.<l  (7) 
it  in  It/in* . 
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T>r>!oii.  Th#  IndIcM  oi  th#  in«t*riil  wiiaht  effectiv»n«M  for  Jtructurc*  losdtd  in  torsion 
will  bt  MUblishtd  by  coruid«ring  the  following:  (a)  structural  strength,  and  (b)  elastic  deforma¬ 
tion.  To  keep  the  problem  at  simple  at  possible  in  both  cates,  a  cylindrical  structure  having  a 
circular  crosa-tection  and  relatively  thin  walls  in  comparison  with  the  structure  diameter  (r  <  d) 
will  be  examined  (Fig.  2.  3  )• 


H  2'  H 


Figure  2  J.  Scheme  of  structures  loaded  in  torsion 

At  in  the  previously  considered  cates,  the  weight  of  the  structure  per  unit  length  will 
be  expressed  by  Eq.  (2.  S I.  However,  in  the  present  case,  the  wall  thickness  will  be  deurmined 
from  the  following  expression  for  sheer  ttreu. 


aisdthut. 


*f*  ■  Af,/2»r*f 


/  -  4f,/2»r*s,e. 


swhere  Mf  it  the  twitting  moment  of  the  structure,  and  •*  the  r.1owable  shear  stress  of  the 
materiel. 

Substituting  Eq.  (2. 19)  irsto  Eq.  (2.  S),  the  following  expres'-an  for  the  structural  weight 
per  unit  letsgth  is  obuined 

^••s  -  ttff/r-Hr/imJ-  (2.201 

It  can  be  toett  from  this  equation  that  for  M,  •  const  end  r  «  cone;  the  unit  weight  of  the 
structure  will  be  proportional  to  the  (T/s,e)  ratio.  Thus,  similar  to  the  peviout  cases,  in  "light¬ 
ness"  can  be  judged  by  the  following  weight  effectiveness  index  in  union  when  the  strength 
of  the  structure  it  a  governing  factor: 

fre,  ■  »se/12T  (2.21) 

Here,  again  with  s,t,  in  pti  and  T  in  Ib/in*.  i),,  would  be  in  inches;  heice,  in  order  to  express 
this  quantity  in  feet,  a  factor  of  12  it  introduced  into  the  denominator af  Eq.  (2,21 ). 

When  the  magnitude  of  the  elastic  torsional  deformation  reproontt  a  design  criterion, 
the  required  wall  thickness  can  be  determined  from  the  following  esiprettion,  which  gives 
the  twist  angle  of  the  structure  (see  Fig.  2.3)  per  unit  length  (J): 

?  -  M,l2iir*tG,  (2.22) 

where  C  it  the  modulus  of  rigidity  (nn) 
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Solving  Eq.  (2.22  )  (or  t,  and  substituting  that  valua  into  Eq.  (2.  S  ),  tha  following 
axprassion  for  tha  structural  wrijht  par  unit  length  fur  tha  i.att  uf  elastic  Jefumiaiiun  it 
obtainad: 


In  analogy  to  tha  praviouely  oonsidarsd  cates,  the  matar  >1  weight  effectiveness  index 
(faat)  for  torstoital  deformation  can  be  defined  at 


D,„,  -  C/I2T. 


Panels  in  Tension  or  Compression.  For  such  temi-monocoque  aitd  monocoque  structures 


at,  for  instanoa,  futalaget,  the  component  weight  it  usually  related  to  the  wetted  area.  Conse¬ 
quently  it  becomes  important  to  know  how  nuterial  characteristics  affect  weight  per  unit  of 
area  (say,  orta  sq.ft)  of  tha  structure.  One  can  imagine  theta  unit  areas  at  panels  loaded  in  ten¬ 
sion.  comprauion,  or  shear.  However,  it  appears  that  in  actuai  helicopter  design  prKtice, 
tansila  aitd  comprettive  loads,  rather  than  shear,  dictate  the  dimertiont  of  tha  panel  section 
and  thus,  their  unit  weight.  For  this  reason,  material  weight-effactivaneu  indices  will  be 
attablithed  for  panels  in  tension  and  compression  only. 

Denoting  the  weight  of  the  paiiel  per  sq.ft  by  w,  and  assuming  that  under  operational 
conditions  reflecting,  among  other  factors,  the  number  of  loading  cycles  during  tha  anticipated 
life  (light  of  the  eomportent.  the  patMl  can  sustain,  say,  a  tensile  load,  r,,  exp.*c:s<id  in  pounds 
par  running  foot  of  the  panel  cross-taction  (see  Fig.  2.4).  Under  these  assumptions,  the 
material  weight-effectivenea  in  tension  of  a  panel  of  unit  area  index  in  tension  can  be  readily 
deduced  at 


.z. 
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Figure  2.  4  (.oading  schema  in  tension  of  a  panel  of  unit  area 


For  the  case  of  compression,  Eq.  (2.2fi)  becomes 


where  it  tha  allowable  load  per  running  foot  in  comprauion. 

liOOkirtg  at  Eqt.  (2.25  )  and  (2.26 ),  one  can  tee  that  they  have  a  dimension  of  length  in 
foot.  Similar  to  Eqs.  (2.31  and  (2.4),  those  indices  can  be  inurpreted  as  tha  length  of  an 
imaginarv  varticallv  suspended  ribbon  in  tne  case  of  tension,  and  an  imaginary  vertical  column 
in  the  cate  of  comprauion,  which  would  produce  (at  the  uppermost  m  tha  first,  and  lowest  in 
tha  second  cate)  the  allowable  loads  per  running  foot. 


3  3  An  Altirn«tt  Ovfinition  f  W«ight-E(f«ctivtncn  Indirti 


It  vvn  shown  in  the  pree*ding  section  that  tha  appropriate  allowable  stress  to  the 
material  specific  weight  ratio  represertu  a  meaningful  weight-effectiveness  index  for  simple 
structural  alemenu  being  suessad  in  tension,  compression,  bending,  and  shear.  For  cates  in¬ 
volving  lirtaar  and  torsional  rigidity,  the  Ltl  and  O/y  ratios,  respectively,  represent  the  weignt- 
effactivenau  indices. 

It  should  ba  indicated  at  this  point  that  although  expressing  the  weight-effectiveneu 
indices  of  materials  in  feet  rather  than  in  inches  may  enable  one  to  better  visualize  the  lengths 
indicated  in  these  indices,  inches  are  usually  quoted  in  U.S.  literature.  In  the  metric  system,  the 
weight-effectiveness  indices  for  materials  are  given  in  more  easily  imagined  meters. 

An  alternate  way  of  expreuing  the  weight  effcctivencst  of  materials  may  be  bated  on 
tha  specific  gravity  of  the  material.  In  this  respect,  one  should  note  that  the  specific  weight 
(7)  appearing  in  the  denominators  of  all  indices  can  ba  written  at 

%  -  i'w.«n 

where  7^^  is  the  specific  weight  of  distilled  water  at  4*C,  and  it  the  specific  gravity  of  tha 
corttidarad  structural  material. 

Since,  obviously,  7^^  *  const,  it  may  be  considered  that  all  of  the  weight-effectiveneu 
indices  developed  in  Section  22  for  any  material  and  mode  of  loading  are  proportional  to  tha 
quantity  represented  by  tha  ratio  of  allowable  strau  to  the  specific  gravity  of  tha  material: 

fj,  -  (2.28) 

For  tha  elastic  deformations  of  the  linear  type, 

n„  -  m„  (2.29) 

and  for  those  in  torsion, 

-  G/6„.  (2.30) 

One  can  see,  hence,  that  the  ratio  expressed  by  the  right  sides  of  Eqs.  (2.28)  through 
(2.30)  may  be  considered  at  alternate  definitions  of  the  weight  effective  indices:  this  time, 
expressed  in  uniu  of  force  per  unit  of  area. 

Tha  abova-deKribed  method  of  preunting  wcighteffectivenen  indices  of  structural 
materials  it  also  quite  popular  in  technical  literature. 


2.4  EAmu  o1  R*p«’  yi  Utadin^  on  Wtight-EKtctiMnoM  IndiMi 


'4.1  Gmrol 


In  tn«  ««iuM  •Haclivtnvu  indtcat  m  tbt  n'trctlinf  Mclinn  iirtu  •lloMtU* 

U),  W  «Mll  ••  moduli  of  clMticilv  l£)  and  rigidity  {Oi.  atinayt  appaarad  in  tha  numarator  of 
lha  formulaa.  tnwt  indicating  tftat  "goodnau"  of  a  ttructural  matanat  Irom  tha  point  of  view 
of  iightnaaa  of  a  ii/uctura  k  p'oporiionai  to  mote  cnaracianttica.  ii  it  uovioua.  nanca.  u  at 
factor*  affacting  tha  parmiiaiMa  lavaM  of  *.  £.  artd  G  of  a  givan  ttructurai  material  should  be 
invastigand. 


2.4.2  Fatigue  Effects  on  £  and  6  Levatt 


With  ratstact  to  the  moduli  of  alaaticity  and  rigidity,  it  appears  that  a*  far  as  metals 
are  cortcarnad  witnm  me  whoia  possiOie  operational  anvalopa  and  time  of  rotorcraft  opera¬ 
tion,  thara  would  oa  no  cauaat  that  would  rtoticaablv  altar  thair  £  or  G  levels. 

However,  tha  utuation  is  tomawhat  diHarant  with  raspect  to  composita  structure*, 
aspacially  those  corttisting  of  lamutata*  with  variou*  oriantation*  of  fiber*.  Suuctura*  of  this 
typo,  whan  lubiactad  to  repatitive  loadings,  may  undergo  progressivsiy  incraasing  datamma- 
tion  which,  m  turn,  would  affact  tha  £  level  of  tha  structur  This  aspect  is  discusaod  in  more 
detail  in  Raf.  9.  from  which  figure*  2.S  and  2.6  era  reproduced  and  shown  below. 
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Figure  2.6  Modulus  loss  a*  a  function  of  delamination  sisa  in  [  1 46/0/901,  laminate* 
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Figuff  2.6  MocH^ius  )o«i  <4  «  ^unction  of  lut  m  |'f45,/-462/0,/U02 
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Looking  «t  tHtM  figur«t.  ont  wilt  t««  tn*t  even  when  iht  Ortjmination  ii  romplete 
[alb)  "  1.0,  th«  moduiut  of  tlatticity  (£)  of  the  ttructure  would  itdl  amount  to  over  80%  of 
the  original  value  (£ql.  Similar  degradation!  can  be  expected  with  rtioect  to  rigidity  IG|  levels 
under  repeated  loading. 

Although  these  changes  in  £  and  G  levels  of  composite  structures  do  not  appear  to  be 
excessively  high  under  repeated  loadings,  they  may  have  siginlicani  etiects  on  viurati  jn  arid 
other  characteristics  of  a  rotorcraft.  Thus,  in  principle,  they  should  not  be  excluded  from  a 
study  of  the  weight-effectivenass  indices  under  fatigue  conditioru  encountered  by  rotorcraft 
components  during  the  operational  life  of  the  aircraft. 

2.4.3  Fatigue  Effects  on  Allowable  Stresses 

In  contrast  to  practically  no  changes  in  £  and  G  for  metals,  end  relatively  small  ones  for 
composite  structures  under  repeated  loading,  the  breaking  and  hence,  allowable  streu  on  metals 
as  well  as  composites  (be  it  tension,  compression,  bending,  or  shearl.  would  vary  considerably 
with  the  total  number  of  loading  cycles  (Al),  as  well  as  in  light  of  ottm  factors  at  indicated 
below. 

The  relationship  between  the  breaking  stress  of  a  material  and  tta  number  of  repeated 
loading  cycles  experienced  up  to  that  point  it  presented  under  the  lawmof  the  so-called  S-N 
curve.  Where  the  number  of  loading  cycles  it  marked  on  the  abteweatis  (logarithmic  scale), 
while  breaking  ttrestat  (in  kti)  are  shown  on  the  ordinate  axis  (linew  nSS. 

The  general  form  of  the  S-fi)  curve  for  any  type  of  loading  ts  hetched  in  Figure  2.7. 
It  should  be  noted  at  this  point  that  the  data  presented  in  this  way  usuSly  covers  the  range  of 
the  number  of  cycles  from  10*  to  10*  or  10’.  Also,  the  suets  ratio  (£«  under 

which  the  S-N  curve  was  establithed.  and  the  ultimate  suengih  of  he  matentl  in  the  con¬ 
sidered  type  of  loading  are  usually  given. 


F  igure  2.7  Cenerel  form  of  the  S-N  curve 


Although  tht  numbor  of  loading  cyclM  it  the  dominant  factor  in  estaoiiihing  tne  breaking 
ftrctt  levels,  there  are  other  factors  also  involved.  The  most  important  are: 

a.  loading  configuration 

b.  stress  eoncenuationt 

c.  surface  condition 

d.  anvirotwnantal  conditions 

a.  material  processing  parameters 

Partially  because  of  the  above  reasons  and  partially  because  of  the  additional  uncer¬ 
tainty  regarding  the  number  of  cycles  that  may  be  encountered  at  a  particular  stress  level 
during  the  operational  life  of  a  component,  rotorcraft  designers  tend  to  accept  much  lower 
allowable  stress  level  values  U^l  than  those  actually  given  by  the  S-N  curve. 


Figure  2.8  iilondimentionaiiaed  S— N  curve  for  steel  with  a  mean  of  zero 
percent  of  ultimate  (Figure  6  from  Reference  11) 


It  has  already  been  mentioned  that  exsrerimental  data  on  the  effects  of  repeated  loading 
on  the  breaking  stress  are  seldom  available  for  the  total  number  of  loading  cycles,  especially 
at  A/  <  10*.  However,  there  are  some  components  (e.g.,  landing  gears  and  transmissions),  where 
maximal  loadings  occur  only  infrequently  —  for  instance,  during  takeoffs  and  landings.  Conse¬ 
quently,  tne  total  number  of  loading  cycles  acquired  during  the  operational  life  of  the  rotor- 
craft  may  be  below  the  Ar  level  for  which  experimental  data  is  available.  In  view  of  this, 
methods  were  developed  for  establishing  the  shapes  of  the  S— N  curves  for  the  total  range  of 
loading  cycles  (1  <  Ai  <  A/,),  where  N,  it  the  number  of  cycles  corresponding  to  the  endur- 
anca  limit  (s,),  i.e.,  a  point  where  a  further  increase  in  the  number  of  loading  cycles  does  not 
produce  any  decrease  in  the  breaking  stress. 

In  this  respect,  a  method  originally  proposed  m  the  sixties  by  Albrecht'**  and  recently 
refined  may  be  used  for  determinations  of  the  S— N  curve  for  the  allowable  stresses  throughout 
the  whole  range  of  repeatir.g  cycles" . 
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Oo«  ipprofch  pr*»*nt*d  in  11  p»rmiti  o"*  to  oenvrfte  nondunfoiion*!  S-N  rurve 
thtptt  for  ttnl  and  aluminum  alloyi  uiing  only  available  high<ycl3  fatigue  data.  These  general¬ 
ized  curvet,  expressing  the  ratio  of  alternating  orraxing  or  somewhat  lower  allowable  stresses 
in  kli  to  ultimate  teniile  allowable  in  ksi  are  plotted  as  a  function  of  the  number  of 
cycles  iPigure  2.S).  This  figure  was  esuolished  for  steel  experiencing  a  load  ranging  from 
"*ma*  */naa-  '  ^  “  '  i.  **<1  »'eady  loa»<  la  mean  ol  zero  percent).  Within  the  1  '» 

<  10^  interval,  the  “  ffiVI  relationship  it  represented  by  a  straight  line.  Howei-er. 

from  “  10*.  a  senes  of  curves  are  shown  whose  shape  depends  on  the  ratio  of  the  endurarKe 
limit  (s,i  to  the  ultimate  tensile  allowaole 

When  representative  loading  cycles  occur  in  the  preseisce  of  a  steady  load,  the  shape 
of  the  S— N  curve  would  change,  depending  on  the  magnitude  ol  the  steady  stress  to  the  ulti¬ 
mate.  Figure  2.9  is  given  here  at  an  example  of  those  changes  when  the  steady  tt'ett  amounts 
to  25%  of  the  ultimate. 


Figure  2.9  Nortdimensionalized  S— N  curve  for  steel  with  a  mean  of  25  parcent 
of  ultimate 

Obtaining  a  complete  S-N  curve  in  ksi  vs.  N  for  steel  or  alumium  alloys  with  the 
help  of  the  nondimenstonelized  plots  of  Reference  1 1  can  be  done  as  folloas. 

Knowing  the  ultimate  and  endurance  limit  stresses  for  a  given  neterial,  the  type  of 
loedirtg,  and  anticipated  surface  conditions  (smooth,  notched),  the  allowable  stress  in  ksi  at 
any  N  value  can  be  computed  by  simply  multiplying  in  the  notation  et  Ref.  1 1  ,  or 
in  our  notations,  by  the  proper  ordinate  value  from  the  nondimensionalized  curve. 

Once  the  s^/  *  f{Nl  is  known,  the  weight  effectiveneu  indicai  for  various  metallic 
materials  and/or  loading  modes,  etc.,  can  be  computed  by  using  the  relasanships  developed  in 
Sections  2.2  and  2.3. 

As  an  example,  the  (i,//5)  *  /'(iV)  curves  were  determined  for  ei30  steel  (140.0  ksi 
UTS,  s,  w  38.5  ksi,  i.e.,  ULT  -  27.5%),  and  aluminum  alloy  24S  T  (658  ksi  ULT.  s,  «  14.0 
ksi,  I.e.,  ULT  w  21.5%),  assuming  that  /?  •  >1  an^  that  the  mean  load  is  equal  to  zero  (Figure 
2.10).  This  was  dona  using  Figures  6  and  14  of  Reference  11  .  and  remenbenng  that  specific 
gravity  it  6  w  7.8  for  steal,  and  about  2.7  for  aluminum  alloy. 
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Figurt  2.10  Examplt  of  woight  offoctivarMts  indicot  for  aluminum  alloy  arvi  itaal  "nder 
fatigua  conditions 

Tha  atiova-outlinad  approach  for  predicting  the  total  S-N  curvat,  baud  on  Ref.  1 1  , 
can  ba  extended  to  nonmetailic  materials  such  as  composites,  while  tha  banc  information 
regarding  tha  fatigua  prooartias  of  structural  materials  (usually  at  A/  >  10*)  can  be  found  in 
such  publications  u  MIL  Handbook-SO' *  with  respect  to  metals.  There  is  no  similar  hand¬ 
book-type,  singia-source  infoimaticn  for  composites  Consequently,  the  necessary  data  must 
be  assembled  from  such  publications  as  company  brochures  le.g.,  Dupont  and  Hercules)  and 
professicnal  journals. 
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»‘,ortr.*t  .tl*'K.flt.t“l*<  ut^d'r  «l  two  Ivt^l  of  f*  tor  •»«  r't 

cor*V>^'*r’rt.  On*  II  C  onolog.c*f.  ji«*n  in  Cilendtr  \»tri  of  Ktruc*.  jnO  »noi*i»r  ,|  jtie  oosf*- 
t  ‘  •*  tkM*n  on  tol»l  ’ir  n.j  ».•»!«  ttifiM/i  «ni,-h  tn*  t'#i;cc)ni*r  rtn  «t|>l\  Thiir*  «r* 

«iM  UMiif  <«o  lk.i*t  Mtmvcn  Ck«>r.«uii  (T80). 

~''t  vj-c*:  «8  Ilf*  (f'.'*cu  tne  'jct  :n**  inch  *i  j  tci/tt  n 

i  ncKiOi’'';  nviicaonrtl.  wn*n  «%pu>«u  to  tn*  operation*!  ■nkironment  ni*v  urto*>^  otter, on- 
tor'  witn  tim*.  to  tom*  «»ttnt.  loocotnoent  c!  *010*1  flying  time  Although  t**'*  m*y  oc 
t-om*  rf-at  onmip  betw**n  tnt  w*  gnt  of  *  component  «nd  its  c«i»r>(>«'  l>f*  ifor  mstanc*. 
t'**>'*r  {*_'g*t  of  ett*rn*i  m*t*i  torf*cet.  or  .paonii  pamu.  may  contiiUote  to  a  io<'.g*r  caienOtr 
Ilf*)  m*  lattar  it  11  probably  r#or»i*nn  i»cono-ora*r  •ttectl  on  compontnt  wtignii  In  con- 
triit.  tn*  ir-flu*rK«  of  tn*  opeiation*!  lif*  and  mou*  of  op*r*tion  (op«ration«l  prot-i*)  ar*  of 
prim*  tmo-irttnc*.  at  tn*v  intiutnc*  th*  total  nombtr  of  loading  cvcKl  and  magrntud*  of  loads 
*xp*ri«nc*d  by  a  compontnt  during  that  period  and  thui,  datarmina  tha  allomaol*  datign-itrasi 
layal.  fna  langtni  of  TBOt  probably  alto  represent  tacond-order  etffcu  on  componant  yvaightt 
tinea  durmg  thota  operations,  the  mam  structural  load-carrying  elements  (unless  yitibly  dam- 
ag*c!  ar*  -not  usually  replaced. 

Consrouently.  it  appears  th*t  only  th*  relationship  batyvaan  tha  uparationaf  lift  of  the 
component  *r  d  its  vveight  should  be  investigated. 

It  hat  •  ready  bean  inant'Onad  that  durmg  t,ia  operational  life  of  a  rotorcraft.  its  com- 
po-nents  tkperitnc*  tvro  types  of  tepeabng  loed.ngt.  On*,  depending  on  tn*  eniicipeied  number 
at  operttionel  *  -ents  (e  g.,  takeoffs  and  landings  and  high-load  flight  manauyarti  expected 
to  occur  during  tta  operetionaf  life  of  a  rotorcraft.  and  tha  other,  having  its  source  chiefly  in 
tna  rcution  of  th*  lifting  rotors.  The  first  type  is  constdtred  to  be  irilrenuent  m  comparison 
with  th#  second.  Howtvar.  tos-alute  numbers  of  such  eytnts  encountered  during  tnt  life  of  me 
rotorcrift  may  be  quite  high.  For  instance,  during  one  logging  operation,  tome  helicopters 
encountered  at  many  at  7^0  (X)0  trip  cycles.  Althougn  in  each  of  tntsa  events,  there  were  no 
Uxeof^t  ervd  lendings,  th*  power  excurponi  frequently  varied  from  rero  to  fated  power '  * . 

Tr  whote  area  of  estimating  th*  total  number  of  loading  cycles  ecquued  during  the 
operit'onei  life  of  a  rotorcraft  by  its  various  components  in  conjunciiun  with  tnt  operttionel 
pro'd*.  becomes  mure  end  more  important.  *t  wilnesteU  by  the  constantly  i.icieetmg  number 
of  studies  .nd  publications  (eg..  Haft.  II,  13,  and  I4|  dealing  with  this  lubtect. 

With  rev>*ct  to  loading*  whose  origin  may  be  traced  to  the  rotational  motion  of  the 
littirvg  rotors,  the  total  number  of  loedmg  cycles  acquiied  through  "normal  "  uperatiun  during 
tha  fi  ght  lift  of  a  hclicupter  can  becxpratied  at  fuilowi 

'"erV/  “  60(rpm|  /„(cpf|,  (2.311 

wher#  rpm  11  ire  rotor  revolutions  per  mmute.  T„-i  the  lolal  piujrcted  htncopler  lift  span 
expressed  m  fiigrit  hours  truS  cpr  it  the  numt^r  of  loading  cyciet  per  revolution. 

For  contemporery  helicopters,  uiuillv  hrnng  a  specified  Ida  span  of  at  least  FhOO 
hours,  even  the  number  of  1  re»  eyefet  will  be  qo'le  large.  On*  cen  tee  from  F  ,gu'e  2  11.  whet* 
''>r  1  .r*»  It  bOCO  hoots  ere  triown  for  the  nelnooleri  examined  III  Hof  b  t''at  even  for 
the  u«*'  iOO.iMOlb  gruss  w«.ght  claw,  th*  total  numirer  of  1.ra»  cycles  would  amount  to  about 
4  X  10* 
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Figurt  2.11  Tout  numb«f  o>  1  cvci«»  •kt>«ci«t>c»d  by  Katcouttrt  o<  various  gross-weignt 
cUsi«t  burirsg  5000  hours  o1  normal  osrtration 

It  may  ba  anticioattd.  harv*.  that  *s*r  rotorcralt  compcnvnts  tvhosa  Olmansions  are  Oic- 
Utad  by  rt(>«atrd  loads  apsMarmy  at  <ha  l.iav  anO  highai  cs*  raiuts.  lha  enduraiKV  limits  of 
Structural  matarials  would  raprrsant  a  OK'ura  tKtor  as  tar  aatha  weights  ot  tha  componants 
•ra  corKarnad. 

2.5  Cursory  Estimatas  ot  tha  Intiuanca  oi  tVaigrit-btlcctivaiaas  Inoicas  on 

Componani  rVaighU 

2.5.1  Canaral 

Ona  of  tha  simplast  wavs  tor  a  tMiori  tuOgamant  raoasstng  tha  intiuanca  ot  advanced 
structural  inatariais  on  tha  weight  ot  a  co«voi>ant  would  ba  tw  estabtnhing  a  rauo  batwacn  the 
waight  ot  a  componant  structurad  ot  new  materialt  to  tha  baalina  weight  ot  an  ai:ittingcom. 
pc  nan  t. 

Ona  may  also  use  the  weigrit  ait.ntaied  by  reliable  weight  prediction  meihoos  lor 
componants  made  dt  "traditional"  matariaii  tor  which  the  orrectnass  ot  the  weight  estimate 
nvathod  is  wall  documantad  as  a  bataima  reterai<a  llor  asanpia.  saa  Kal.  1  lor  evaluation  ot 
various  methods). 

Once  tha  absulute.  or  ralat'va  wt-grrl  ot  the  bawlirta  component  is  known  either  by 
actual  weight  or  through  rtliabla  calculations,  the  pruceOuralbr  avsiutting  the  impact  ot  new 
materials  on  that  weight  will  be  t^a  uma 
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compoM<J  ot  I'o  l>>*J  md  looi-ctrrviPQ  !>'«  aHect  at  matrfid  choacttristict  on  tn« 

ivaijht  of  ’o  ioa«t  «'*i'virg  tUmar-tt  will  l'«  *irsv 

^  5.2  No  Load  Clamant* 

Auumii\4  that  tha  uaMima  coinponant  M«>dnt  t*  'tug.  Via  wai^tt  ol  tna  no-load  cai ly¬ 
ing  aiamanti  i  ^  t  can  Pa  axpia^Mo  at 

rt'/tl,  “  (2.321 

whara  Pn/,  -i  a  'lacr-on  d»pict:ng  tha  part  of  tna  total  batalina  component  waignt  coniiittng 
ot  no-loac  caifving  aiamanu.  Uapanding  on  mnttliar  An/g  rtpteMnn  tna  vvaignt  of  a  voluma  of 
matarial  la  4..  I>li*<>i  or  a  surface  (a.g..  serious  no  load  carrying  panels  and  tuialaga  surtacas). 
tha  weight  ot  the  no4oad  carrying  alaitMnu  can  be  SKpratsad  at 

»»,/g  -  -  ‘n/.T,.6a,  (2.33> 

where  I'.i  >s  the  solum*  ot  no  load  carrying  elements.  The  remaining  symbols  are  defined  m 

V) 

Section  2  2 
Or. 

•t'/i/g  “  ■^'*'#''"6  12.341 

wh*;*  th*  new  symbol  S„i^  is  tha  no-load  carrying  surface  in  tha  considered  clement 

Astumnsg  that  aithar  solume  |^>  or  surface  iS)  ot  the  component  mad*  ot  new  me- 
tarlali  It  th*  same  at  that  of  th*  baseline  component,  the  weights  ot  no-load  carrying  com- 
ponantt  m  the  case  ot  solume  becomes 


and  that  ot  the  surface. 


Multiplying  Cos.  t2  351  ar>d  (2.351  by  (6„^/in^l  and  (i»„^/iv.,jl  respecttsely.  and  noting  that 

*"0  '  **-'»  “  '^'a  ‘*"c  ^  '• 

written  es 


2  5.3  Li.-ad  Carrying  Clements 

In  ;hf  most  general  case,  a  major  rotorcraft  component  may  contain  sanous  elamentt 
whose  d.mensiO'-'i  and  hence,  their  w*-ght.  are  tc-aled  to  me  loadnuj  mod*  m  wtneh  they  at* 
workir^.  iitinely  tension,  cumpiession.  bariuiog.  drear,  r  ittic  buckling,  or  linear  Oetlect-on 
and  toisional  lef 'action.  Tn*  fraction  ot  th*  total  compu.-int  sseight,  wtnen  is  taken  by  ail 


of  ffi#  •buv#  •otOif'5  «kiM  •HrnuTb  '*•*  *<'ilr>'.ving  jv'T’bolf  t»r»«ion  ti 

cofpprgff ion bending-  ftbeer-p^^;  txiCi^ltng  end  linter  deflection end  tortionel 
deformation  -  un 

Consequently,  tne  ebtniute  weight  of  all  the  bateima  component  elements  working 
under  a  particular  loading  mode,  say  tor  eiampie  in  tenpon  would  be 


It  f  ^  *1 II 

fg  Aq 


(:.39) 


Similar  aquations  can  Da  written  for  other  groups  of  elemerts. 

Whan  new  structural  materials  are  substituted  tor  those  ried  in  the  baseline  component, 
the  influence  of  this  substitution  on  tht  weght  can  eauiy  be  Determined,  using  en  approach 
similar  to  that  outlined  m  tne  cate  of  no  ioad  elements.  Howeter,  this  time,  ratios  of  weight 
eftactivaness  inoices  for  the  bateima  and  new  materials  would  laplace  thota  of  specific  greeity 
[Eq.(2.37M,  or  weights  per  unit  of  area  (Eq.  12.38)1.  Thus  whan  made  of  new  materieli, 
the  total  wtight  of  all  tna  componantt  working  in  tension  will  be. 


(2«» 

2.S.4  Weight  of  a  Component  with  New  Materiilt  in  Relation  to  that  of  the  Baseline 


Taking  into  account  both  no-load  carrying  and  load-carrying  elements,  the  weight  of 
a  major  rotorcraft  component  built  from  naw  materials  can  ba  aaprastad  through 

the  batalina  compottant  weight  (tV'/ig)  as  follows: 

+  *i,hg(r),a,/r|,a„^l  +  ''f .‘'if 

Obviously,  the  rabo  ***  component  weight  to  that  of  tht  baselint  will  ba 

given  by  the  eapression  contained  in  the  brackets  of  Eq.  (2.4)' 

2.5.5  Steps  m  Estimating  the  /"'/sgl  Ratio 

The  ittps  to  ba  taktn  In  the  practical  procedure  of  estimating  the  ratio  of  a  ma|or 
rotorcraft  component  weight  to  the  weight  of  the  baseline  component  can  be  visualized  as 
follows. 

1.  Estimate  the  traction  of  tha  total  component  wti  ,oi  ivuresenting  the  nd-k<au 
carrying  eltrtsents.  and  indicate  whether  these  elements  consiit  of  tilling  some 
space,  or  form  a  surface. 

2.  Evtluete  the  weight  tractions  of  e'ements  working  under  various  loading  condi- 
tiona.  and  datermine  the  approsimate  number  am'  cheracter  of  'nadmg  cycles 
during  the  enticipeted,  or  elretdy  eitablishec  conponent  operatiunel  life. 

3.  On  the  bens  of  the  known  number  end  type  .  *  loading  cycles,  rstimate  the 
weight  effectiveness  indices  for  the  baseline  and  new  materials  from  e  graph 
similar  to  that  shown  in  Figure  2. 10. 

4.  Compute  the  new  component  wei  iht  to  that  o*  me  beteline  from  the  evprei 
non  conteined  within  the  suuare  Liackrts  in  ki|  <2. 41). 


•  SO 


2  6  C^ncludinj 


In  ord«r  to  cl'ttin  •  twtter  undentanding  of  tt>i  relationship  between  •  nncipal  char- 
acteristici  of  structural  ineteciais  and  weight  of  maior  rotorcraft  components,  the  criteria  tor 
the  weiyht-effectiveneu  of  materials  were  first  developed  for  simpie  cases  cf  loading  |i»r-siun, 
compression,  bending,  end  snea'i.  as  weil  as  bucKiii,g  ard  imear  otUKi  on  iiniiuence  ct  iiie 
modulus  of  tlttticitv  t)  end  torsional  dcfltctioti  (influenca  of  tha  modulus  of  rigidity.  (i|. 

f-oilowing  this,  the  intluersce  of  repeated  loading  cycles  on  values  of  the  weight, 
effactivenett  indices  was  examined.  Then,  the  relationships  betwaen  inteiraad  opeialional  life 
of  a  componant  and  osieiational  profile  of  tha  rotorcraft  on  ona  hand,  and  the  nurntier  of 
cycles  that  tha  component  may  exparianca  on  the  ott\tr,  was  indicated. 

Mathematical  axpreuions  tor  a  cursory  estimation  of  tha  wt.ght  ratio  of  a  component 
made  of  rtew  materials  to  that  of  tha  basalina  componant  ware  oevaiopeO  m  the  pieceOmg 
section.  This  was  supplemented  by  an  outline  of  the  steps  that  should  be  taken  whan  com¬ 
puting  that  weight  ratio. 

It  should  be  noted  at  this  point  that  tha  cursory  expression  given  by  Eq.  (2.41)  can  be 
refined.  This  can  be  done  by  ukirsg  into  account  that  tha  weight  fractions  (p's)  of  altmants 
working  in  a  given  loading  mode  in  the  new  component  ntay  be  different  from  those  in  tha 
basalina,  A  study  of  the  pouibta  gains  in  accuracy  resulting  from  this  approach  would  be 
beneficial. 

In  order  to  feciiiiata  the  whole  process  of  investigating  the  influenca  of  new  struc¬ 
tural  materials  on  the  weight  of  major  rotorcraft  components,  it  would  be  desirable  to  develop 
a  library  consisting  of  weight-affactivenass  indicts  for  rotorcraft  structural  materials  (similar 
to  those  shown  m  f-'iguia  2.10),  where  values  or  t)ia  indices  would  be  shown  (or  the  whole 
range  of  loading  cycles  from  N  *  10°  to  that  corraspondmg  to  tha  endurtnea  limit.  Furthar- 
mora.  this  should  ba  dona  for  various  sutss  ratio  (/?)  viluas.  surtaca  conditions,  and  savaral 
steady  load  values  (say,  12.6.  26.  and  60%  of  the  ultimata). 

It  should  also  be  noted  that  in  some  casea,  not  aU  weight  yams  Out  to  advaitced  ma¬ 
terials  as  indicated  by  tha  procedures  described  in  this  chapter  can  ba  raalited  in  practice. 
This  it  due  to  tha  axistanca  of  various  constraints  which  may  limit  actual  weight  benefits  to 
a  lower  Itval  than  indicated  by  Eq.  12.41).  Requirements  for  mamuming  a  high  axial  moment 
of  mania  for  rotors,  and  conmg  angle  for  articuUted  blades  may  be  cited  at  an  example  of 
such  corttuaintt. 

Mora  info'mation  regarding  such  constraints  can  ba  found  m  tha  Appendix  to  this 
chapter. 


APPENDIX  TO  CHAPTER  a 


F  JiSiaUc  uAlNS  IN  UtLlCOPTt.?  aUAUC  '.VEluMTS 

through  application  of  high-strength  materials 


A.l  GenefI 

Th«r«  is  sn  tsubliinad  b*li«f  in  tx»n«  technical  circles  that  weignt-reduf'nn  attempu 
would  ba  somewhat  futile  when  directed  toward  nelicooter  rotor  blades.  This  is  supoosedly  due 
to  the  fact  rhat  reQuiremants  fo<  a  high  moment  of  inertia  about  the  rotor  axis,  facilitaring 
transition  into  autorotation.  and  restrictiont  on  the  maximum  permiuible  coning  angle  would 
constitute  strong  constraints  inevitably  leading  to  "heavy"  blades.  The  following  simplified 
calculations  indicate  that  through  the  insullation  of  concentrated  tip  weights  at  the  structural 
weight  of  the  blade  itself  is  reduced,  significant  reductions  of  the  overall  blade  weight  are 
poHible,  while  retaining  moment  of  inertie  and  coning  angle  of  the  baseline  helicopter.  Re¬ 
duction  of  blade  weights  and  thus,  their  centrifugal  force  would,  in  turn,  contribute  to  a 
pouible  decrease  in  the  weight  of  the  hub  and  hinges. 

A.2  Moment  of  Inertia  about  the  Rotor  Axis 


F  igure  A.  1  Schematic  of  rotor  blade 


The  total  mats  of  the  blade  consisu  of  the  mass  of  the  blade  proper  lm^,i 

end  mall  of  the  up  weight  Im,). 

"’rer  “  '"e/  "*■  "’r- 

The  blade  moment  of  inertie  about  the  rotor  axil  1/,^,)  van  be  expressed  at 

•  j  r^dm  *■  K^m^.  (A. 21 

0 


Assuming  that  tha  blade  mast  par  running  loot,  m  >  >  const,  and  thus,  dm  ^  mdr. 

Eq.  (A. 21  can  be  rawnttan  at  foltcwi; 
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0 

or 

itM  ■  Il/3)m«*  +  (A.2bl 

but  m/i  ftenc* 

■*■  /w,l.  lA.2el 

Auumirtg  that  the  baMtin*  blab*  hat  no  tip  wraight  (m,^  «  0),  ita  moment 
of  inertia  Mould  be 

/•-o  “  IA.3) 

If  the  matt  of  the  proper  lighter  blade  it  m^/  •  m^/^o.  where  0  <  a  <  1.0,  then  the 
condition  of  the  constancy  of  can  be  expressed  as  follows; 

|1/3)/b^,^^*  -  /e»II1/3)m*,^o  +  m,l 

from  which 

m,  -  (1/3(ma/,l1 -o)  (A.4| 

and  the  total  mess  of  the  lighter  blade  will  be 

'"for  •  «*/,«+  (1/3)mjs;j(1 -M.  {A.Bl 

The  ratio  of  thutoul  mast  of  the  lighter  blade  to  that  of  the  baadine  blade  will  be; 

KarAwe/o*  -  a  +  U1/3Hl-o»  *  (2/Ste  +  (1/3).  (A.6) 

Eq.  (A.6)  It  plotted  in  Figure  A.2,  and  one  can  see  from  dtit  figure  that  significant  over¬ 
all  blade-weight  uvingt  can  be  achieved  if  the  weight  of  the  bladecan  be  reduced  below  that  of 
the  baseline  weight,  and  the  coriition  of  retaining  \ha  t«ma  monant  of  inertia  about  the  rotor 
axis  is  obtained  through  installation  ot  tip  weights. 


Figure  A.2  Ratio  of  total  blada  mast  to  structural  mas  for  =  const 


.83. 


A  3  Pintfifiig*!  Fwfcg  VtfiMion  it  ~  rontt 

At  t*'*  Total  blada  matt  and  itt  dittribution  would  vary  whan  a  chanqes  in  value,  but 
^aa  constant,  the  blade  centrifugal  force  can  alto  vary.  Ratio  of  the  biaoe  Cf  with 

tip  weights  to  the  CF  of  the  baseline  bUue  can  be  determined  from  the  following- 

The  centrifugal  force  of  the  baseline  blada  {Ct with  no  tip  weights,  would  be 

H 

CF^  -  j 

0 

or,  assuming  *  const, 

CF^  -  Unim^i^Ru^  (A.7) 

The  centrifugal  force  of  a  blade  with  tip  weights  will,  in  generel,  be 

H 

CF  ^  j  u^ram^dr  +  R  m,. 

0 

Again,  assuming  arn^  ■  const,  the  above  equation  becomes 

(A.s) 

Dividing  Eq.  (A.8)  by  Eq.  (A.7),  the  sought  ratio  is  obtained: 

CF/CF^  -  tt  +  (A. 3) 

But,  In  order  to  meintain  ^  const  at  o  varies,  r^t  must  be  «  given  by  Eq.  (A.4I.  Substi¬ 
tuting  Eq.  (A.4|  into  Eq.  (A. 9), 

Cf/Cf,  »  2/3  +  (t/3lQ.  (A.9a) 

It  can  be  teen  front  Figure  A.3  that  reductions  in  the  blade  centrifugal  force  —  made 
potentially  possible  when  the  weight  of  the  proper  blade  it  reduced  by  a  factor  of  a,  while 
the  nacattarv  level  of  is  retained  through  tip  weights  —  ere  not  at  high  at  those  of  the  total 
blade  mats  (Figure  (A.2I.  However,  even  the  potential  CF  gains  tho'.vn  in  Figure  A.3  should 
have  a  noticaabla  influence  on  the  loads  transferred  to  the  hub  end  hinret  anti  thus,  on  the 
weight  of  that  assembly  as  well. 
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STRUCTUNAL  MASS  RATIO:  • 


Figurt  A.3  C«ntrifugal  fore*  ratio,  at  a  varies  and  =  const 


A.4  Coning  Angle 


Retention  of  the  original  (baseline)  coning  angle  (Cg)  shook  be  considered  as  another 
strong  ronstrain*  influencing  the  outcome  of  the  total  blade-weioht  reduction  level  that  be¬ 
comes  potentially  possible  through  the  use  of  high-strength  material 


Figure  A.4  Schematic  of  forces  influencing  the  cuning  angle  value 


Conditions  for  the  equilibrium  of  moments  about  the  flapping  hinge,  when  the  coning 
angle  is  Cg,  can  be  eNpressed  as  for  the  baseline  blade  with  no  tip  weights  (making  small  angle 
assumption  and  assuming  that  the  flapping  hinge  is  located  on  the  rotor  axis  and  that  the 
resultant  blade  thrust  is  at  0.7.  while  the  blade  weight  is  at  F  0.5)  at  follows: 


h,o.yH 


mor'w'tfo</r 


o 


Neglecting  the  IV^fO  cmduct  ••  being  tmell  in  comparison  with  the  centrifugal  force 
term,  and  noting  that  the  first  term  on  the  right  tide  of  Eq.  (A. 10)  represents  timesu^  ,  the 
condition  of  the  constancy  of  tna  coning  angle  can  be  expressed  as 


a,  -  *■  const.  (A.ll) 

But  the  OJRT^i  product  is  constant;  hence,  the  requirement  of  maintaining  °  const 
is  reduced  to  the  =  const  condition.  This  obviously  means  that  tha  blade  weight  aspects 
previously  discussed  in  conjunctiun  with  the  =  const  restraint  also  remain  valid  in  the 
present  ense.  Consequently,  it  may  be  assumed  that  Eq,  (A.B),  plotted  in  Figure  A. 2,  should 
correctly  express  the  potential  overall  weight  reduction  of  the  helicopter  blade  assembly  when 
the  weight  of  the  blade  core  is  reduced  by  the  factor  a. 


'I 


V 
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A.S  Effect  of  eitd  jg  Constraints  on  made  Weight  Reduction 

The  following  simplified  case  U  considered  In  order  to  give  the  reader  some  idea  re¬ 
garding  the  influence  of  and  o,  cunstraints  on  the  possibilities  of  blade  weight  reduction 
resulting  from  the  application  of  advanced  mate-ials. 

It  will  be  assumed  that  both  the  baseline  blade  and  tha  b'tde  made  of  new  materials 
consist  entirely  of  load-carrying  e.imeiut  end,  furthermore,  thst  the  dimensions  of  the  elements 
are  dictated  exclusively  by  the  allowabla  stress  in  bending.  In  this  case,  the  expression  in  the 
square  brackets  in  Eq.  (2.411.  gning  the  unconstrained  ratio  of  the  weight  of  the  blade  con¬ 
structed  of  new  materials  to  that  of  the  baseline  blade  ^  reduced  to 

the  following  ratio  of  the  weight-effectiveness  indices. 

(A.12) 

This  equation  it  graphically  presented  as  a  continuous  line  in  Figure  A.S. 


<9  30  O 

miOHf  f»»tCflVC««CSSlNDtC(3  RATIO 


Fffjurt  A.S  Ideal  blade  wei^t  fetta  vi.  weight  effechvtneu  indicei  ratio  uf  material: 
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Th«  wiight  ratio  txpraiMd  by  Eq.  A.12  may  also  ba  contidartd  ••  tha  factor  a,  repre- 
wnting  tna  Maiyni  utio  of  Ui«  biada  bwdy  mcoipofatiiiy  iicw  inatctult  tJ  lliat  of  U^e  teib- 
lina  blada 


a 


D  h 


^nm' 


(A.  13) 


Whan  tha  momant  of  inartia  and  coning  angla  ara  catainad.  tha  total  blada  waignt  ratio 
will  ba  obtained  by  substituting  Eq.  (A.  131  into  Eq.  (A.S); 


(A.14) 

Tha  above  expression  is  alio  plotted  (broken  line)  in  Figure  A. 5;  thus,  indicating  the 
role  o*  the  and  Og  constraints  in  restricting  blade-weight  reductions  -  potentially  possible 
due  to  tha  improved  specific  weight-strength  characteristics  of  new  materials. 
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CHAPTER  3 


ADVANCED  STRUCTURAL  MATERIALS  AND  CONSTRAINTS  TO  THEIR 
APPLICATION  TO  ROTORCRAFT 


3.1  Introduction 

In  r«c«nt  ycart,  eoniiderable  progreu  hat  bean  made  in  the  development  of  new  struc¬ 
tural  materials,  both  metallic  and  norunetaliic,  representing  a  high  potential  for  reducing  the 
relative  weights  of  maior  rotorcraft  components.  These  materials  can  be  divided  into  three 
categories:  (1)  pure  homogeneous  maullic  (steels  and  light  alloys),  (2)  nonmetallic  rompotites 
(usually  based  on  high-strength  fibers  imbedded  in  resins),  and  (3)  metallic-nonmetallic  com¬ 
posites  (combining,  say,  maullic  elemenu  with  high-strength  fibers  through  a  resin-type  con¬ 
necting  medium). 

Although  many  of  the  new  advanced  structural  materials  represent  a  clear-cut  advan- 
Uga  from  the  point  of  view  of  the  weight  of  the  rotorcraft  component,  application  of  these 
materials  to  practical  designs  encounter  various  constraints  wich  can  be  grouped  into  two 
claaes:  economic  and  operational.  With  respect  to  the  first  class,  the  cost  of  materials  and 
manufacturing  ofun  represent  a  strong  constraint  These  aspects  were  discussed  in  deuil  by 
O'Ambra',  Beaiac'*,  and  in  Ref.  16.  Their  inputs  will  be  briefly  reviewed  in  this  chapter. 

At  far  at  operational  constrainu  are  concerned,  the  main  reason  for  tome  of  the  hetiu- 
tion  or  ralucunce  in  wider  application  of  composites  it  the  lack  of  long-term  experience  with 
their  behavior,  etpaeially  crack  propagation  and  delamination  when  exposed  to  various  long¬ 
term  climatic  conditions,  and  other  aspects  of  the  operational  environment. 

Nevartheleu,  in  spite  of  all  of  the  above-mentioned  constraints,  there  teems  to  be  a 
growing  trend  toward  an  ever-increasing  use  of  nonmeuilic  materials;  especially  composite 
materials,  in  the  manufacture  of  major  rotorcraft  components.  This  point  is  well  illustrated  in 
Figure  3.1  (Figure  34,  Ref.  15)  representing  tome  of  the  design  philosophies  of  Aerospatiale. 
Figure  3.2  (Figure  3  of  Ref.  8  )  is  shown  to  give  a  more  detailed  example  of  this  trend.  In 
this  exploded  view  of  the  Dauphin  N1,  the  elements  made  of  composite  materials  —  consti¬ 
tuting  19%  of  the  v;eight-empty  of  2038  kg  (4483.8  lb)  -  can  easily  be  determined. 


Figure  3.1  Past  and  future  growth  in  application  of  composites  to  helicopters  (Aerospatiale*’ ) 
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Figur*  3.2  Exploded  view  of  the  Oeuphin  N 1 


However,  five  yeert  leter  in  the  produc..on  vertion,  the  composite  share  should  increase 
to  22%  of  Wg  (see  Table  3.1)  and  attain  a  value  of  about  30%  by  1800  (Figure  3.1). 

Table  3.1 

Percentage  of  various  materiefs  in  the  present  end  future  Dauohin  structure 


Material 

EMPTY- WEIGHT  PERCENTAGE  i 

SA  365N1  Today 

Future  Dauphin 

Light  Alloys 

32 

Steel 

30 

Titanium 

1.0 

1 

Composites 

22 

Miscellaneous 

IK 

Weight  Empty 

2038  kg 

lOEOkg 

(4494  lb) 

(43001b) 

In  the  U.S.,  there  is  alto  a  -trong  Increase  in  the  use  of  composiw  structural  materials  in 
rotorcraft;  especially  in  such  new  concepts  as  the  tilt-rotor  V.22  (Figuw  3.3),  where  they  may 
constitute  as  mucn  at  3 1 .6%  of  weight  empty  (Ref.  1 7 ).  As  stated  in  tHt  reference, 

"Nearly  all  wing  and  fuselage  structural  elements  are  fabricated  from  graphite- 
epoxy  composite  laminates.  This  provides  strength,  stillness,  weyht,  and  corro¬ 
sion  ratistanca. 
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Figur*  3.3  V-22  Material  Application! 


"Component!,  !uch  at  itiHaners,  capt,  and  (tringart,  are  structurally  integrated 
by  cocuring  or  cobonding  them  with  the  skin  panels.  This  reduces  the  number  of 
mechanical  fasteners  required  in  the  structure. 

"Composite  structures  weigh  nearly  20  percent  less  than  metal  equivalents.  Because 
approximately  60  percent  of  the  Osprey  will  be  fabricated  of  composites,  con¬ 
siderable  weight  savings  have  been  realiaed. 

As  far  as  helicopters  are  concerned,  the  composites  used  in  the  Boeing  Vertol  Model  360 
constitute  60%  of  its  weight  empty,  which  probably  represents  the  highest  relative  use  of  such 
materials.  Hera,  combinations  of  glass  and  graphite  are  uliliaed  in  the  blades,  hubs,  controls, 
rotor  shafts,  alrframti,  and  landing-gear  components  (See  Figure  3.4,  Fig.  27  of  Ref.  IB). 
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Figure  3.4  Model  360  Advanced  Technolocy  Helicopter 


With  respect  to  current  U.S.  production  helicopters,  the  Smutsky  S  76  mjy  •  <t 

an  example  (Figure  3.5).  This  figures  gives  a  gene'al  idea  as  to  t.ne  use  oi  •n  ■  ■■•  - 

and  also  the  usage  of  various  structural  materials  for  the  AC, 
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Figurt  3.6  Um of  compotitn  in  tlw  S-76  and  tnt  ^CAP 


Tht  trand  toward  a  broadar  ina  of  compoiitat  in  halicoptar  tinictum  it  alio  dapictsd 
in  ttia  Sovitt  tctiool  of  datign.  Howavar.  tiiare  it  inwfficiant  data  availaMa  to  thii  invaitigator 
to  pinpoint  dafinitivt  numbart  to  HlutPaM  diii  trand.  It  would  ba  datirabla.  hanca.  to  maka  a 
laparatt  study  on  this  aubjaet 

China  it  ona  of  tN  countriat  having  a  potantM  for  a  larga-icala  rottry-wing  industry  that 
is  alto  apparandy  gatting  involvad  in  tha  application  of  compoiitat.  Hara,  at  in  othar  countriat 
btfora  tham,  tha  first  application  of  compoti  i  ara  diractad  toward  main-rotor  Uadat'*. 

It  it  obvious  that  an  indapth  analytii  into  tha  many  facatt  of  advanced  structural 
matarialt  and  thair  application  to  rotorcraft  would  axcatd  tha  ordar  of  magnituda  of  the  in¬ 
tended  scope  of  this  study.  Coniaouently,  only  certain  aipacts  of  the  whole  field  of  the  applica¬ 
tion  of  advanced  structural  materials  major  rotorcraft  components  are  briefly  reviewed  in 
this  chaptear,  with  tha  prime  objective  being  to  indicate  possible  trends  and  directions  for  a 
more  thorough  invattigation. 
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3^  Ad¥anMd  Structural  Matarialt 


3J.1  Ganaral 

Altfiouflh  on#  uMliy  atMciatM  tht  term  "advanetd  structural  matarialt"  with  com- 
potitat  aithar  based  or«,  or  incorporating,  high-strength  fibars.  It  should  not  be  overlooked  that 
contidarabla  progratt  has  baan,  and  is  baing,  mada  in  tha  improvamant  of  hemogarwout  metals 
-  cspacially.  light  aUoyt.  in  this  raspact  tha  aluminum-lithium  alloys  appear  quits  promising 
and,  in  particular,  the  tned-wmg  moutuy  both  in  me  U.S.  and  kurope,  seems  to  favor  their 
application  on  a  large  teals.  This  position  it  motivatad  by  the  fact  that  replacing  currant  eiumi- 
num  alloys  with  new  aluminum-lithium  alloyt  can  cut  weitfit  by  8%  at  a  very  small  change  in 
tha  evarall  cost’*  (alto  tee  Ref.  211.  Composites  are  even  more  promising,  offering  tha  possi¬ 
bility  of  a  2S%  weight  saving  over  matal  construction  for  primary  structures.  But  the  previously 
mentioned  constraint  of  cost,  and  uncartaintiet  regarding  operational  atpsett  dictate  a  rather 
cautious  approach  regarding  tha  use  of  compotitat  to  f  iaad-wing  designart  —  espaciaily  those  of 
commercial  trantportt  -  in  spite  of  the  fact  that  the  structural-weight  reducing  potential  in 
fixsd-wing  aircraft  hat  been  demonstrated  in  msny.axperimantal  aircraft,  including  tha  recent 
example  of  Rutan's  Voyager  (made  abnost  axclusivaly  of  high-strangih  compositesl,  where  the 
ralativs  weight-empty  came  down  to  approximatsly  18%  of  the  maximum  flying  grots  weight 

In  contrast  to  the  fixed-wing  industry  (especially  that  related  to  transport  aircraft), 
rotary-wing  designart  appear  willing  to  bypass  the  structural  weight  savings  offered  by 
advanced  aluminum  alloys  and  go  dlraedy  to  a  broad  application  of  advanced  composite 
meterialt  An  addltiorMl  Incentive  for  takirtg  this  approach  is  tha  possibility  of  creating  com- 
ponants  with  optimal  dyitamic  and.  where  applicable,  aerodynamic  characteristics.  All-compotita 
experimental  main-rotor  Madat  It  a  leading  axampla  for  poatiMcaarodynamic/dynamic  optimi¬ 
sation.  It  should  ba  pointed  out  that  exparimanul  composita  taiadat  were  developed  at  early  at 
1862,  and  improved  versions  heve  been  used  in  U.S.  production  helicopters  since  the  late  I8?0t. 

3.2.2  Weight-Effectivenett  Indices  of  Metals  and  Composites 

Basic  information  required  to  determine  waight-effactiveneu  indices  for  all  kinds  of 
structural  materials  it.  unfortunately,  dispersed  through  many  uncoordinated  puMicationt.  (The 
proviously-roferenced  ANC-5  rapretants  a  good  unif  iad  source  of  information  regarding  metalt.) 
For  this  reason,  summaries  appearing  from  time  to  time  in  tacheical  literature,  covering  a  broad 
spectrum  of  structural  matarialt,  should  prove  to  be  of  special  mlue.  "Materials  Selector  1987" 
(Raf.  22)  may  ba  cited  at  one  such  useful  publication.  For  example.  Section  A  entitled,  "Com¬ 
parison  of  Matarialt"  contains  a  summary  of  tha  following  information  of  interest  to  students 
on  the  impact  of  advanced  meterialt  on  the  weights  of  rotorenft  components. 

1.  Density 

2.  Tensile  yield  strength 

3.  Ultimate  tensile  strength 

4.  Moduletof  elasticity  intention. 

In  addition  to  the  above,  this  publication  alto  coratint  weight-effectivanett  irtdicat 
axpretsed  at  strength,  or  modulus  of  olasticity-to-dantity  ratios.  Table  3.2  contains  an  excerpt 
from  tha  original  chan  depk'  ng  abtoluto  and  specific  straagth  of  materials.  Unfortunately, 
thare  it  no  data  on  fatigue  strength  in  the  summary  tables,  and  little  information  in  general 
about  advanced  composites  being  of  special  interest  to  rotorcraft  designers. 
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TABLE  3.2 

SPECIFIC  STRENGTH  OF  MATERIALS.  10*  IN. 


Th«  rttio  flittan  m  thit  UOit  wm  dturminM  by  dividing  th«  tentite  yield  suengih  ur  ultimeu 

Mniilt  tirtngtli  by  th«  dtniity.  Vf Ium  for  mattrialt  marktd  with  an  atteritk  ( *)  were  determined  using 
ultimata  yield  strength.  Tensile  yield  strength  values  were  used  for  all  others** . 


material 

HIGH 

LOW 

Graphite  epoxy* . 

3609 

— 

Boron  epoxy . . . 

2740 

- 

Polyesters,  thermoset.  pultrusions* . 

1428 

345 

Titenhim  &  its  eiloys . 

1043 

171 

Stainless  steels;  stendard  martensitic  grades:  wrought,  heat  treated 

982 

214 

Ultra-high  strength  steels:  wrought  beat  treated . 

931 

616 

Aluminum  alloys.  7030  series . 

892 

144 

Cobelt  &  its  alloys . 

879 

89 

Stainlett  steels:  age  hardenable:  wrought  egad . 

826 

380 

Nickel  &  itt  alloys . 

689 

35 

Magneskiffl  alloys:  wrought . 

667 

268 

Carbon  steels;  wrought  normaliaed.  quenched  &  tempered . 

664 

206 

Aluminum  alloys.  2000  series . 

647 

103 

Viny  lidene  chloride  copolymar,  oriented* . 

636 

246 

Aluminum  alloys,  6000  series . 

602 

63 

Alloy  stsals.  cast  quenches  G  tampered .  . 

601 

396 

Ductile  (nodular)  irons,  cast . 

584 

160 

Aluminum  alloys,  6000  series .  . 

561 

104 

Aluminum  casting  alloys .  . 

539 

86 

Nickel  base  superalloys . 

534 

143 

Berylium  &  its  alloys . 

533 

75 

Tiunium  carbide  base  cermets . 

515 

130 

Polyearbanata.40G20%g|rtln<* . 

511 

372 

Nylon,  30%  gl  rinf  * . 

510 

404 

Sulnlass  steels,  standard  austenitic  grades;  wrought  cold  weAad . 

483 

272 

Aluminum  alloys,  4000  series . 

474 

• 

Polyester,  tharmopisstic,  PET.  46  &  30%  glass  reinf . 

1  459 

286 

Magnesium  &  its  elloyt  cast . 

455 

185 

Tungsten . . . . 

455 

310 

Iron  base  supsralloy . . . 

i  669 

140 

Polyatherimide,  30%  gl  reinf . 

i 

- 

Copper  casting  alloys . 

1  ^ 

33 

Molybdsnum  &  its  alloys . 

423 

226 

Stainless  steels,  standard  manansitic  grades;  wrought  annealsd  .  „ 

'  376 

89 

Copper  niekal,  wrought* . 

372 

137 

Styrene  acrylonitrile.  30%  gl  reinf. . 

367 

- 

Aluminum  alloyt.  3000  series . 

364 

61 

Broruet  wrought . 

355 

54 

Rhenium . 

355 

Cohimbkim  ft  its  alloyt . 

1 

122 

Cobalt  bate  suparalloyt. . 

348 

117 

High  copper  alloyt  wrought . 

1  341 

30 

Polyatherimides,  unreinf . . 

330 

— 

Polyester,  thermcpiattic,  PBT,  40  ft  16  glass  reinf* . 

328 

245 

PiMtie  foMTift,  inMml  ikin  r#inf* . 

323 

115 

Alloy  tteaU.  cast  normalized  ft  tampered . 

322 

134 

_ 
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ULTtMMtTMlU 


To  allovlato  tfiit  situation,  it  wmmM  ba  dasirabla  to  ganarata  summary  tablas  of  tha  most 
important  matarial  charaetaristiet  of  intarast  to  both  rotorcraft  datignart  and  studants  of  tha 
walght  aapacts  of  rotorcraft  eomponants.  An  mampla  of  Otis  approach  it  givan  in  Tabia  3.3. 
whara  waight-affactiaanau  indieat  ara  givan  for  soma  mataiiic  and  nonmauiuc  matertait  now 
baing  utad  or  contamplatad  for  naw  rotorcraft  datigitt.  It  thouid  ba  amphasiiad  that  Tabia 
3.3  It  only  givan  hara  at  an  axampla.  Actual  worKing  taows  mould  cover  a  wiovr  range  of 
potentially  utaful  structural  ma^iaU  and  loading  modat,  which  thouid  further  bo  supple- 
monied  by  arwthar  uoieist  containing  informauun  regarding  non-lead  carrying  materials. 
Finally.  In  ordar  to  retain  tha  utefulnats  of  such  tabiat.  they  mutt  ba  continuously  updated. 

The  use  of  graphics  it  another  way  of  pratanting  material  characteristics  m  a  manner 
which  may  bo  useful  to  rotorcraft  dotignari  and  component  weight  watchers.  The  potential 
advantage  of  the  graphical  approach  lies  in  that,  in  principia,  ona  can,  at  a  glance,  roughly 
judge  tha  compatitiva  position  of  a  given  matarial.  One  drawback  to  this  approach  is  that  in 
ordar  to  ganarato  a  clear  picture,  only  two  charactorittia  can  usually  ba  coupled;  for  instance, 
weight  offoctivanass  factors  basad  on  ultimata  spongth  and  those  related  to  Euler's  ntoduhis 
of  elasticity  (Figure  3.6). 


Figure  3.6  Waight-effectivanott  indices  basad  on  ultimas  tensile  strength  vs.  tensile 
modulus  of  elasticity 
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Ftgura  3.7  (bmd  ofl  Figura  6  of  R*f.  16)  iho<wt  an  altarnatt  nwthed  of  pairing  wtight- 
tffaetivanati  indicas;  nanwly.  thoia  ralatad  to  tha  tansila  modulus  of  alatticity  vs.  modulut  of 
rigidity.  This  appaais  to  oa  a  good  axMipia  of  praMoung  (h«  mouuius  of  elttimil/  IE) ««.  iha 
nw^lus  of  rigidity  (G)  raiatlonsfiips  for  multilayar  compositas  tinea,  at  a  glanoa,  ona  would  tao 
tha  affactt  of  fibra  oriantation  on  tha  malarial  waight  affettivanatt  charactarittict  whan  com¬ 
paring  tha  two  types. 


Figure  3.7  Effects  of  fibre  orientatien  in  compositas  of  the  E  vs.  G  charaeterittia 

Bar  charts  offer  still  anodwr  possibility  for  a  graphic  presentation  of  waight-effectivenett 
indicos.  Figure  3.8  it  given  at  an  SKampIc  of  this  approach.  Hara,  waight-affactivanett  indices 
for  each  malarial  are  shown  for  ultimete  strength  and  corresponding  endurance  limits,  both  in 
tansion  and  comprassion.  Indieas  in  thaar  could  probably  still  be  edded:  thus  providing  easily 
dapJciad,  rather  completa  Information  ragarding  weight  reduction  poatibilitiat  of  the  matarial. 
One  dlsadvantaga  of  this  approach  is  that  to  avoid  overcrowding,  the  number  of  materials  that 
can  be  presantsd  in  one  graph  it  limitod. 

Frasantlng  a  clear,  easily  understandable  picture  of  material  weight-effectivanatt  indices 
for  fatigue  conditions  would  prove  to  be  a  difficult  task,  even  if  only  the  most  Importent 
aspects  of  the  loading  modes  discussed  in  Section  2.4  ware  to  be  taken  into  account  Figure  3.9 
(bated  on  Hercules  data)  shows  the  waight-effaetiveneu  indices  for  tention-tansion  cyclic  tests 
at  R  ■  0.1  conducted  on  •  iew  comw^ta  and  aluminum  matariato. 


M9ura3.8  EnamplAaf  bar-chart  pmwitatien  of  «Mi|M-«Hfctiv0nMi  indict! 

UNIOMItCnONALOOaa«timb*UJIMMUM;  a-ftl.BOOMTfMrCRATUaE 


NUmtillOacWCUSTOFAIUIIIE:  N 


Figure  3.9  Wdight-effaetivenen  indict!  for  fatigueoondition! 

Tht  wholt  ravitw  of  wtight-tfftetivtntn  arpaett  of  rtruoural  material!  wittblc  for 
retorcraft  team!  to  indieata  that  thara  it  a  need  for  ttublithing  a  mif led  tourca  of  information 
ragarding  propartiai  of  advanced,  aipaeialiy  nonmaullic,  materialtand  developing  a  method  of 
prtwnting  tho  information  in  a  coneiw  manner  for  rotorcraft  Aeigntr!  and  to  etudenu  of 
componant  weight  trends. 


3  J  OptrationtI  and  Coat  Cenatrainti 


3^1  Qanaral 

Tha  tigura*  prauntad  in  ttia  pracading  iKtIon  ctaariy  indicata  tha  potential  of  naw 
•tructural  matariala  —  compotitaa  In  particular  —  with  raspact  to  waight  reduction  of  major 
rotorcraft  eomponania.  In  addition  to  tha  powibilitv  of  waight  reduction,  eompoiitet  offer 
many  odiar  adaantagaa  from  tha  daaign.  miiiury,  civiiian  and,  cvantuaHy,  tha  manufacturing 
point  of  viaw.  Thaia  non-waight  aapacta  of  tha  um  of  compotitaa  have  recently  bean  ditcutaad 
in  marty  papers  artd  publicationt.  However,  they  will  not  be  raviawad  hare,  at  tha  pratent  itudy 
dealt  aimott  axdutivaly  with  tha  influence  of  advanced  matarial  characterittict  on  the  weight  of 
rotorcraft  componantt.  Neverthalau,  tha  readar't  attention  will  be  called  to  two  conttraintt 
which,  atpaeially  in  tha  past,  have  had  a  negative  affect  on  the  broad  uta  of  nonmetallic  com- 
poiita  matarialt  in  the  pursuit  of  tha  goat  of  reducing  tha  ctructural  waight  of  the  rotorcraft  in 
addition  to  other  inherent  advantages.  At  with  any  othar  new  developing  technology,  the  main 
conttraintt  appearing  in  this  endeavor  are  (1)  operational  uncaruintiat,  and  (2)  coat.  Both 
are  vary  briefly  ditcuttad  below. 

3.3.2  Operational  Uncaruintiat 

Tha  lack  of  ttttittically  significant  aaparianea  ragard-ng  tha  bahavicr  of  compotitat 
under  raal-llfa  oparationai  conditions  and  tuiubla  analysis  methods  generates  a  vary  tuong 
rahictanca  on  the  part  of  potantial  users  (both  military  and  civilian^  to  accept  rotorcraft  having 
a  large  parcantage  of  tha  lead-carrying  structure  made  of  composites.  Unfortunately,  this 
craatat  tha  proverbial  "tha  chiekan  and  dw  egg"  situation.  Large-scale  accelerated  service  tatu 
probably  represent  one  of  tha  poMible  meant  of  breaking  that  vicious  cirda.  This  may  be 
hafpad  by  tha  tet  that  there  am  soma  maiar  rotorcraft  components;  ntmafy.  the  Waits  and, 
mom  recently,  hubs,  wham  mal-lifa  oparationai  experience  (generally  favorable)  has  already 
risan  to  a  significant  iaval. 

In  soma  cetet,  tha  potential  objaetiofts  which  tha  user  may  expmst  am  not  to  the  com- 
poiitat  par  ae,  but  to  die  particular  structuial  solution.  Tha  unfavoraWa  opinion  of  the  Navy 
with  raspact  to  honeycomb  strueturas  bacauu  of  potantial  damage  >f  moisture  accumulation 
can  be  cited  as  an  example.  Thera  is  alto  tha  unceruinty  as  to  the  influence  of  components 
made  of  compotitat  on  the  structural  integrity  of  tha  rotorcraft  when  exposed  for  an  extended 
period  of  time  to  adverse  climatic  conditient;  at  wall  at  to  lubricantt  and  other  chamicalt 
conttandy  present  in  tha  rotorereft. 

It  It  baliavad.  however,  that  with  the  continuous,  though  slow,  acquisition  of  actual 
opamtional  axperianca,  and  davaiopmant  of  mom  deU'led  stocificationt  regarding  tha  type  of 
aecaptabla  structures  and  exposura  to  chemicals,  tha  raluetanca  of  ponntial  customers  to 
accept  rotorcraft  using  largo  amounu  of  composites  for  primary  strueturas  will  dacreasa  with 
time.  Thus,  operational  uncerulntiet  should  cease  to  mpmsant  a  strong  constraint  regarding  the 
UM  of  compotitat  at  a  meant  cf  waight-taving  for  major  rotorcr**  components. 

3.3.3  Cost 

Thara  am  three  major  alamonts  of  cost  which  should  be  snamined  when  utilization  of 
now  structural  matarialt  It  being  considered;  (1i  cost  r.f  the  maisrial.  12)  cost  of  tooling  and 
manufacturing  facilities,  and  (3)  cost  of  labor  and  energy  (if  tigxificant)  during  the  manufac¬ 
turing  procatt. 
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The  con  of  a  naw  matarial  twftan  it  apptart  on  tha  markat  at  a  product  ready  for  prac* 
tical  application  it  utually  ouita  high;  in  many  catat.  tatatal  timet  more  avpentive  then  the 
malarial  it  it  tuppotao  to  rapiaca.  Moteayar.  tna  ong  nally  hign  matanal  cott  usually  dccrcatet 
with  tima;  thut  making  it  mora  and  mora  aconomicatty  aceaptaole  cr  even  more  advantegeout. 
Tha  grapntta  lioer  ^ica  httutry  (Harculat  datai  tnoMai  m  f'lgure  3.  )0  wall  illuttratet  tnit 

point 


«•  »a  to  .  M  tp  00  at 


Figiura3.t0  Cmphha  fiber  pr’oaMitoty 

One  can  taa  from  thit  figaro  that  the  price  of  grapIMi  (axprataad  in  actual  dollart)  hat 
dropped  vary  tuheuntiaily  intpita  of  the  inflation  in  tha  lamiavantiat.  whan  tha  prica  of  many 
othar  matariait  aetuaUy  incraaiad. 

Other  compoaita  matariait  have  foilowad  tha  trend  iftiatrated  for  graphite  fiber.  It  may 
be  anticipatad  that  ganarai.  tha  coet  of  new  advaneadMoclurel  matariait  probably  doat  not 
raproiant  a  ttrong  conttraint  of  limiting  thok  application  m  mtorcraft  componantt.  Howevar, 
a  rapratantttiva  of  ttia  fiuad-wing  induttry  (Boaingl  aapraao*  a  mora  coniarvaiiva  point  of 
viawiRaf.  20). 

*>10  will  naad  the  improved  carbon  fiber,  with  itiMghar  ttrain  and  improved 
moduhit  to  make  tha  aapaetad  gains  over  triad  andvua  alumifwm  in  primary 
itrueiurae.  Improved  fiber,  wo  ettimate,  mutt  bo  maOifor  Ittt  than  half  today's 
prico  In  ordar  to  achieve  a  coftwffactiva,  all«ompmita  primary  itnicturo." 

Tha  two  cott  conttralntt;  namely,  tooling  and  labor,  owutuaily  considered  at  an  entity 
in  a  east  comparison  of  componantt  mamifaeturod  from  adoncad)  matariait  vt.  the  baialina 
matirialt  produced  in  a  "traditional"  manner.  Tha  reader  mayilhdiMimmariet  of  luch  compara- 
tivo  tiudiat  in  Reft.  8  and  15.  TaMa  3.4  (bawd  on  a  ttMa  fiamiMl  15,  but  ?Kpratied  here  in 
dollart  and  U.S.  maaiuring  units)  it  givan  at  an  aaampla. 

At  praiant,  Aaroipatialo  it  one  company  probably  hoving  .ita  widest  ovorall  eKparionca 
in  dtaling  with  various  atpaett  of  tho  application  of  eompotiietto  componantt  of  terially* 
prodticad  hellcoptert.  (US  companiat  probably  have  mora  axparioM  with  composite  Uadet, 
but  not  naeatttrily  othar  comporwntt.)  Coniaquantly.  tf  actuaMtu  and  projections  should 
corraetly  indicata  tha  ganarai  uand  regarding  cott  ttpaett. 

In  thit  ratpact,  tha  metiaga  of  Raft.  8  end  15  laami  to  taeciear;  in  component  such 
at  Madat,  contMaraMa  cott  reductiont  appear  pottiMe  (Figure  S.tittithough  no  weight-tiving 
it  antidpatod  (Figure  3.12).  apparently  btcauia  of  tha  Made  momentol  inertia  requirement 
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Figure  3.11  Reduction  in  production  cotu  due  to  compotite  design 


With  respect  to  other  components;  lor  insunce,  rotor  hubs,  cowlings,  uil  booms,  and 
empennage,  both  weight  and  cost  savings  are  indicated  (tee  Figure  3.12,  reproduced  from 
Ref.  6  ).  it  it  obvious  that  significant  weight  savings  have  been  achieved  through  new  design 
solutions  —  made  possible  by  special  characteristics  of  the  composites. 
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Figure  3.12  Weight  end  cost  advantages 

in  contrast  to  the  Aerospetiale  a;;e?*ide,  opinions  expressed  by  representatives  of 
fixed-wing  transports  (Boeing)  eppear  much  more  conservative  (Ref.  20). 

"Advanced  composites  show  great  promise  for  maior  primary  structures.  Designers 
anticipate  weight  savings  of  26%  over  ntetal  construction.  ...However,  here  cost 
plays  an  important  role.  A  767  rudder  made  of  carbon-fiber  composite  costs  almost 
exKtIy  trie  tamo  as  one  made  of  aluminum  but  weight  lets  and  it  a  good  buy.  The 
labor  was  low  for  composite  but  the  material  much  mors  expensive.  But  in  the  case 
of  757  trailing-edgv  flaps,  both  material  and  labor  for  a  composite  version  were 
mere  eapentivo." 


The  above  statement,  at  well  at  future  goals  of  Boeing  regarding  cost  are  depicted  in  Figure 
3.13. 


Figure  3.  Actual  Boeing  experience  in  application  of  cempoiitaa  and  projection 
for  the  future 

After  «wighing  the  opinions  expressed  by  both  rotoroaft  and  fixed-wing  industries, 
one  is  inclined  to  state  that,  in  general,  cost  would  not  present  a  stfong  censtraint  regarding 
the  application  of  composite  materials  to  rotoi .  t  components. 


chapter  4 


CONCLUDING  REMARKS 


4.1  Gtntral  Condutiorw 

Tht  imignti  gained  tnrougn  partormanca  at  thw  raiOv  lead  to  tha  tollowing  cenciutiont: 

•  |n«attigation  of  •♦'a  histocie  trandi  in  '•i«ttva  weight  amp'v  (W,)  of  halipoptart 
couplad  with  ttudtaa  ot  tha  atiact  et  ancratt  lua  (aitprauad  through  maximuin  living 
groH  weight)  indicated  a  rapid  decline  in  ii,  valuet  through  tha  fifties  for  all  grott- 
waight  classes  of  vvastam  and  Soviet  designs.  This  was  followed  by  a  much  slower 
decrease  in  h',  levels  from  the  siaties  up  to  the  present  Relative  empty  weights  of 
the  existing  tilt-rotor  (XV- 15)  in  the  STOL  and,  especially,  VTOL,  operational 
modes,  are  well  above  the  corresponding  helicepter  levels.  Ur,  values  protected  lor 
fubira  tilt-rotor  designs  (designated  at  the  V-22  in  the  U.S.,  and  EUROFAR  in 
Europa)  are  still  above  those  of  their  helicopiir  counterparts. 

•  The  rapid  decline  in  helicopter  tV,  vekict  during  the  fifties  and  early  sixties  was,  to 
a  large  extent,  due  to  the  transition  from  reciprocating  to  gas*turbina  type  power* 
plants,  at  this  change  reduced  tha  relative  engine  weight  levels  from  about  9.5%  for 
helicoptert  cf  tha  early  fifties  to  about  3.6%  (or  contemporary  models.  This  may 
laad  orM  to  cjnelude  that  further  improvements  in  the  soecific  weights  of  power- 
plants  would  exert  little  influence  on  W,  values.  However,  for  new  rotorcraft  con¬ 
cepts  —  which  would  be  expected  to  have  a  looMr  power  loading  than  corresponding 
helicopters  —  the  influence  ot  relative  powaiplant  weights  on  W,  levels  could,  again, 
ba  quite  significant 

•  Since  tha  relative  empty  weighu  of  rotorcraft  are,  in  turn,  the  result  of  tha  relative 
weights  of  their  major  components,  gra^'hs  thawing  historic  and  size-related  trends 
In  ^0  along  wid)  those  of  the  relative  weights  of  components  and  their  optimal 
boundaries  should  provide  a  clear  and  compiehensive  insight  into  the  proceu  of 
achieving  certain  iT^  levels.  Such  graphs  wouM  prove  especially  useful  (or  concept- 
formulators  and  designers  of  helicopters  and  aow  rotorcraft  concepts  by  providing 
them  with  a  basis  for  making  realistic  weighs  assumptions  for  new  designs  aitd 
provide  standards  for  ettesting  the  wvight-effactiveneu  of  the  aircraft  ks  a  whole, 
at  waH  at  individual  components,  once  the  detailed  designs  are  completed  or  even 
aftir  the  otqects  of  the  atsettment  ere  acludfy  built.  However,  in  order  to  retain 
their  usefulneu,  such  trend-graphs  nwtt  be  ktot  continuously  updated. 

•  Although  somewhat  slower  than  before  the  tarly  sixties,  tha  steady  decline  in  H‘, 
helicaptar  values  mutt  obviously  be  attributed  to  a  jenaral  lowering  of  the  relative- 
weight  values  of  components  (excluding  thomof  engines).  However,  one  may  expect 
that  tha  rate  of  decline  may  not  be  the  sasse  for  all  components.  For  example, 
temporal  relative  weight  trends  of  lifting  rotas  blades  for  Western  helicoptert  thov 
only  a  slight  decline  in  W^i  with  time.  (At  fiix,  Soviet  W^i  vahiet  declined  rapidly, 
but  gradually  leveled  off.)  These,  almost  conmant,  relative  weights  of  lifting  blades 
can  ba  attributed  to  strong  constraints  rasuRing  from  the  requirements  of  certain 
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vakiM  for  th«  Mad*  momant  of  inartia.  Honvovtr,  toma  rcductioni  in  (through 
applicatiofl  of  highly  wtight-afftctiva  structural  matarialt)  appear  thaoreticallv 
pOKibta  (tea  Appandlx  to  Chapter  2). 

•  The  dadina  in  relative  wralghtt  of  major  helicopter  components  is  chiefly  due  to 
the  apsilieation  of  new  structural  materials,  exhibiting  higher  and  higher  strength 
as  well  as  elongation  and  rigidity  moduli  to  specific  weight  ratios  (indicated  here 
at  material  waight-effecrivenett  irtdicetl.  Knewledga  of  the  weight-effectiveness 
indices  tor  materials  used  in  the  btte'ma  compunant  and  those  in  a  riew  design, 
should  enable  one  to.  at  least  roughly,  estimate  the  relative  weight  ratios  of  the  new 
to  the  original  components.  However,  in  this  process,  weight-effectiveness  irtdices 
should  bo  determined  with  duo  contidaration  of  the  loading  conditions  of  various 
olamantt,  taking  into  account  such  factors  m  number  of  loading  cycles  during  the 
anticipatad  ooarationd  life  of  the  component  loading  modes  (R  values),  and  state 
of  the  surface. 

o  Weight-effaetivanett  indices  point  toward  widar  and  wider  application  of  composites 
as  structural  materials  In  rotorcraft  InitiaHy,  the  high  cost  of  composites,  together 
with  limited  operational  experience  in  their  use,  appeared  as  strong  constraints  to 
their  implementation.  But  orice  declines  resulting  from  consttntly  increasing  sales 
volume  and  labor-saving  manufacturing  tachniquas  have  improved  the  cost  aspects. 
GanaraMy  favorabla  faadbacks  from  operators  regarding  the  behavior  of  composites 
ir.  the  f  Md  has  lowarad  the  resistance  of  designars  toward  the  use  of  these  materials. 
Conaaquontly.  one  may  now  observe  a  definiie  trend  toward  a  wider  accepttnee  of 
nonmetallie  materials  In  halicoptsr  structures.  In  new  rotorcraft  conetpu.  such  aa 
tilt-rotor  or  the  X-wIngs,  the  use  of  composites  has  become  a  ‘must*  in  order  to 
achieve  the  W,  levels  necessary  for  competition  with  conventional  helicoptert, 
Mpecially  In  VTOL-type  oparstions. 

4.2  Recommendations 

Oeeauae  of  the  limited  scope  of  this  study,  several  factors  affecting  past,  present  and, 
possibly,  future  trends  in  the  relative  weight-empty  of  rotorcraft  and  other  VTOL  configura¬ 
tions  had  to  bo  omitted,  in  tpita  of  the  fact  that  the  imporunca  of  these  factors  has  been  indi¬ 
cated  by  the  work  already  performed.  To  rectify  this  situation,  the  followipg  additional  efforts 
are  recommended: 

o  Perform  a  study  of  trends  -  both  historic  and  size-related  -  of  specific  weights  and 
spacific  fuel  consumption  of  Western  and  Soviet  powerplantt  that  are  appiieable  to 
rotorcraft  and  other  VTOL  configurations.  Then,  evaluate  the  impact  of  theta  trends 
on  the  relative  weigh,  empty  levels  of  rotary-wing  and  other  VTOL  concepts,  as  well 
as  on  fuel  raquiremontt  per  unit  of  aircraft  grots  weight,  unit  of  disunce  traveled, 
and  unit  of  time  on  station. 

•  Sxpand  and  refine  mathematical  expressions  and  computational  prccedures  for  pre¬ 
dicting  the  infkience  of  new  structural  matarialt  on  the  weight  of  major  rotorcraft 
components  in  comparison  with  the  bassKna  weights.  The  sootUMithed  methods 
should  then  be  tested  by  making  comparisons  of  predicted  and  actual  weighu  of 
components  manufactured  from  advanced  matarialt. 
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Ammbl*  up-to-datt  data  on  advanctd  structural  materials  already  on  the  market 
and  those  axpaetad  to  become  available  in  the  future  (say,  up  to  S  years).  Then, 
upon  establishing  the  most  suitable  and  comprehensive  way  of  presenting  weight- 
effeettvenass  indices  r>f  materials,  prepare  a  practicti  means  of  making  that  informa¬ 
tion  wailaUa  to  tha  i  raaft  technical  community. 
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